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It is only in the mysterious equations of love that any 
logical reasons can befound 
John Nash 
Summary 
The oxidation behaviour of high speed steel (1.55 % C, 7.70 % Cr, 4.90 %V, and 2.00% 
Mo) was studied isothermally at 550 and 615'C for three different environmental 
conditions, two of which consisted in a mixture of dry air and water vapour flowing at a 
rate of 0.45 or 1.45 cm'/min respectively, compared to dry air conditions. At 615'C and 
for the maximum water vapour content, the oxidation behaviour was initially logarithmic 
followed by linear stage. In contrast, for a water vapour flow rate of 0.45 CM3/Min, the 
oxidation was parabolic, which resulted in a greater mass gain of the samples after I hour 
oxidation, even though there was a lower water content. This was believed to be related 
to the partial pressure of oxygen and therefore to the amount of oxygen available for 
oxidation. When exposed to dry air, logarithmic kinetics were observed, with much lower 
mass gain compared with the other two environmental conditions. Reducing the test 
temperature to 550'C only reduced the mass gain, with the same oxidation kinetics for 
each condition, suggesting the same oxidation mechanisms at both temperatures. For the 
humid conditions, an iron-chromium spinel (Fe, Cr)304was formed along with magnetite 
Fe304and hematite Fe203- In dry conditions the spinel and hematite were also present. In 
addition, a VO vanadium oxide layer was located at the top of the oxide layer, indicating 
oxidation of the MC vanadium rich carbides, promoted by the high partial pressure of 
oxygen of the environment. 
The steel was also exposed to cyclic temperature fluctuations, of two different 
frequencies, in an attempt to more closely simulate the conditions found during operation 
of rolls in industry. For the high frequency tests, it was difficult to establish a 
mathematical relationship for the oxide growth, with the kinetics being rather stochastic. 
The cyclic oxidation produced a very thin granular layer which appeared to be the spm'el 
(Fe, Cr)304. Local surface regions exhibited high plastic deformation associated with 
cracks that facilitated the oxygen dissolution within the steel. In the low frequency cyclic 
tests, the oxidation kinetics were parabolic at both test temperatures. Quenching in water, 
resulted in the preferential spallation of the hematite by a mechanism known as 
"buckling", generated from compressive thermal stresses. Material was removed at a rate 
of -0.13mg/cycle and -0.07mg/cycle at 615 and 550'C respectively, leaving the surface 
only protected by a layer of iron-chromiUm spinel. 
The relationship between the wear of the high speed steel and oxidation was investigated 
at 600,500 and 4001C in a rollmg-sliding disc on disc configuration using a 2.5 kg load 
for a sliding distance of III km for two different environmental conditions (water, both 
gaseous and liquid, and laboratory dry air). The specific wear rate of the high speed steel 
discs was greater for the dry tests compared to the wet ones. However, the specific wear 
rate of the dry tests was strongly temperature dependent, while for the wet tests, the wear 
rate was insensitive to temperature. The dry tests exhibited a combination of metallic and 
oxidational wear, while the wet tests were almost entirely oxidational, with a different 
oxide phase constitution to the dry tests. Surprisingly, the wet tests exhibited higher 
friction compared to the wet tests. The reasons for this and the difference in wear rates 
are discussed and compared to the static oxidation tests. 
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Chapter 1 
Introduction 
1.1 Introduction 
High speed steels (HSS) are highly alloyed steels whose microstructure normally 
contains vanadium, chromium and molybdenum rich carbides of high hardness dispersed 
in a martensitic matrix, resulting in a material with excellent wear properties at high 
temperatures as well as in operational conditions where abrasion and fatigue resistance 
are also important. These characteristics combined with the stability of the microstructure 
promote the use of this alloy as an ideal candidate for the manufacture of work rolls, the 
tools used to reduce the thickness of steel strips at high temperature (800-1200'C) in the 
finishing stands of hot strip mills. In these installations, the working conditions 
experienced by the work rolls are tough leading to a rapid degradation of the roll surface 
by mechanisms that include thermal fatigue, wear by abrasion and oxidation. 
The study of the oxidation phenomena of work rolls is important for various 
reasons. Firstly, excellent surface quality of the laminated products in their final state is 
required as an advantage if they are competing against other metallic materials for 
specific applications, but acceptable quality levels can not be achieved if the surface of 
the work roll is altered by the presence of an oxide layer that inevitably grows onto them. 
Secondly, Caithness et aL (1999) commented that with the use of high speed steel work 
rolls the levels of friction and therefore the power consumption in the mills are greater 
than the values of these variables measured in mills that use work rolls of different 
materials like high chromium Irons for example, but whether this increment in friction is 
or is not associated with the formation of oxides on the roll surface remains uncertain. 
The reasons given in the above paragraph suggest that the study of work roll 
oxidation in hot strip mills and its relation with the friction values In the process and 
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surface quality of the steel strip is mandatory. Unfortunately, the knowledge of this 
phenomenon has been limited to only few works regarding the oxidation of work roll 
materials, particularly high chromium irons. A major concern is the way in which the 
available studies have used temperatures not realistic for the hot rolling process. In 
addition, studies have used either dry air or pure oxygen, which is a completely different 
regime to the environment M hot rolling, where water vapour is present. From the point 
of view of this work it is considered that water vapour is an important element that should 
be taken into account during the oxidation. 
Factors that deserve special attention include the questions of how the oxide 
grows on the surface of the work roll during operation and, how the presence of water in 
the environment could affect the oxide formation during the process. Unfortunately it 
would be impossible to give an answer to these questions based on experiments carried 
out directly in the mill, given that these result expensive and dangerous. 
The aim of this research was to study the oxidation behaviour of a work roll grade 
high speed steel under the action of various oxidant atmospheres some of them including 
water vapour, aiming to replicate the environmental conditions found in a hot strip mill, 
in order to observe if the presence of this gas modified the rate of oxide growth of this 
material. In addition to this, the oxidation behaviour of the material was also studied 
under conditions of temperature fluctuation in order to identify the preferred failure 
mechanism of the oxide layer in response to the presence of thermal stresses. 
Finally, the behaviour of the oxide layer formed under the presence of ambient air 
or water vapour was studied under conditions of contact, load and motion aiming to 
clarify the role of the oxide layer grown on work rolls during the process and to relate the 
differences in the amount of oxide produced under dry and wet atmospheres with 
tribological variables of interest like the specific wear rate and the friction coefficient. 
The outline of this work is described in the following manner: In Chapter 2, the 
results of a literature survey made on features including oxidation mechanisms and the 
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oxidation of iron and Fe-Cr alloys is presented together with aspects on oxide formation 
on work rolls in hot strip mills and the influence of these oxides during hot working 
processes. Chapter 3 contains information on the experimental methodology and the 
facilities developed to complete the objectives traced for this research. In Chapter 4, the 
most important results obtained from the experiments developed are presented and In 
Chapter 5a discussion to these is made. And finally in Chapter 6 the most relevant 
conclusions obtained from the experiments are presented together with suggestions on 
some aspects that need to be taken into account for further investigations on the topics 
discussed in this thesis. 
3 
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Chapter 2 
Literature review 
2.1 Introduction 
In this chapter, the results of the literature survey carried out to understand the 
genesis and development of oxidation phenomena for metals and particularly of steel 
alloys are presented. The chapter contains a substantial amount of information on topics 
considered essential for the understanding of the high temperature oxidation reactions, 
covering subjects from a review to the characteristics of oxides as ionic compounds, to 
the role and the influence of oxides in metal forming operations at high temperature, 
focusing the attention on the formation of oxides on the surface of Fe-Cr alloys as well as 
on the surface of the work rolls materials used in hot strip mills. 
2.2 Ionic nature of oxide layers 
When a metal is exposed to atmospheres rich in oxygen, interactions between the 
metallic ions and oxygen occur at the atomic level in the from of chemical reactions that 
promote the development of physical and chemical changes that are normally represented 
by the growth of an oxide layer on the surface of the metal as the typical product of these 
reactions. 
The crystal structure of the oxide layer formed is not a perfect arrangement of 
metallic and non metallic atoms, rather it contains defects like ion vacancies and ions 
located at interstitial positions, resulting in nonstoichiometry. This fact is important for 
the reason that the formation and subsequent growth of oxide layers is closely linked to 
the transport of metallic, non metallic ions and electrons across the oxide layer. This 
transport could only be possible by diffusion of ionic and electronic species through the 
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existent defects in the oxide, in a manner that always preserves the neutral character of 
the oxide compound, i. e. the addition of all the electrical charges contained in the oxide 
must be equal to zero. 
As ionic and electronic conduction is believed to occur in an oxide layer, 
according to Wagner (Kubaschewski, 1953), oxides can be catalogued as semiconductors 
and therefore can be subdivide as n-type or p-type semiconductors depending on the type 
of defect present in their crystalline structure. 
2.2.1 P-type oxide layers 
These oxides are characterized by either a deficit in metallic ions or an excess of 
oxygen ions and are represented by the formulas Ml-,,, O or MO, +,,, for each case, 
respectively, where cc represents a small fraction of 1. In the first case, the oxide contains 
lattice positions with a positive charge deficit so that the electrical balance of the 
compound is preserved by means of alterations to the valence state of some cations that 
remain in non-nal lattice positions, maintaining the charge balance of the compound (Fig 
2.1). If the partial pressure of oxygen is increased, the number of defects in the oxide 
increases and so the electrical conductivity within the compound increases and therefore 
it is expected that the rate at which cation deficient oxides layer grow also increases. 
Oxides having an excess of oxygen located at interstitial positions are less likely 
to occur simply because oxygen ions are larger in size than most cations. Some uranium 
oxides are representative examples of this group (Kofstad, 1966). 
2.2.2 N-type oxide layers 
Oxides having either an excess of cations or a deficit in the amount of anions are 
representative of n-type semiconductors. Similar to the case of p-type oxides, the 
formulations used to represent the defects found in n-type oxides are Ml+,,, O and M01-, " 
for defects involving cations or anions respectively. For the first case, which is the most 
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common, cations are located at interstitial positions in the oxide lattice and the total 
charge of the compound is balanced by the existence of electrons of the same magnitude 
as the valence state of the interstitial ions (Fig 2.2). The electrical conductivity in oxides 
having an excess of cations decreases as the partial pressure of oxygen is increased. 
The anion deficit type oxide is not so well explained in some text books and 
comprehension of this kind of oxide is difficult, but basically this defect is present when 
anions are missing in their normal lattice positions and the electrical neutrality of 
compound is balanced by an amount of electrons of the same number as the valence state 
of the missing oxygen ions. The electrical conductivity in compounds showing anion 
vacancies is reduced as the partial pressure of oxygen increased. 
2.3 Formation of oxides at high temperature 
Oxide formation is considered a thermally activated process, this means that the 
formation of oxide and the rate at which this process occurs, i. e. the kinetics, is strongly 
linked to the temperature of the environment in which the metal is contained and the 
mathematical formulations that could represent the rate at which an oxide grows normally 
involves the dependence on temperature in the from of an Arrhenius expression such as: 
(-0 
kp = Aeý RT (2.1) 
where, kp is a constant, Q represents the activation energy needed to stimulate ionic 
motion for oxidation reactions to occur, T is the temperature in absolute units, R is the 
universal gas constant and A is a constant. The rate of oxide formation normally increases 
with temperature, but the rate of oxide growth is often influenced by the purity of the 
metal, the pressure of the system and the type and amount of defects present in the oxide 
layer. 
6 
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Once a small amount of oxide is formed on the surface of the metal it represents a 
physical barrier for the metallic and non metallic ions to react and further growth of the 
layer will only be possible by the migration of the active species across the defects 
present in the oxide by solid state diffusion mechanisms (Fig. 2.3). During the first stages 
of the oxidation process, the rate of reaction between the species and formation of oxide 
is expected to be high, because the barrier is relatively thin but as the oxide scale 
thickens, the distance that metallic ions and non metallic ions need to diffuse in order to 
react also increases and therefore a reduction in the reaction rate and in the oxide scale 
formation is likely to be observed. 
2.4 Wagner's parabolic oxidation law 
An idealized example of how an oxide scale grows on the surface of metals at 
high temperatures was given by Wagner in 1933 in his derivation of the parabolic 
oxidation theory. To develop this theory some assumptions were considered and are 
summarized as follows: 
1. It is assumed that the oxide scale is free of physical defects (pores, cracks, blisters 
etc. ) and it is perfectly adhered to the metallic substrate. 
2. The rate controlling mechanism that influences the growth of the oxide layer is 
the diftsion of ionic and electronic species across the oxide layer. 
3. Equilibrium is established at the metal-oxide and the gas-metal interfaces, this is, 
the rate at which the reactions occur at these interfaces are the same. 
4. Oxygen is not soluble in the metal (a condition necessary to develop internal 
oxidation). 
5. The driving force for the occurrence of oxidation reactions is the free energy 
change of oxide formation. This point suggests that gradients of chemical and 
7 
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electrical potential determined by the activities of metal and the gas will be found 
across the scale Fig (2.4). 
The sequence of Wagner's oxidation theory is complicated to follow with respect to 
the many variables and mathematical simplifications used to obtain the final expression 
that expresses the growth of the oxide as a function of the time, but as an alternative 
Birks and Meier (1986) presented a simplified approach to this theory based on the 
scheme shown in Fig 2.4. It can be seen that two reactions take place at each interface, 
the ionization of the reactive species (metal or oxygen) and the formation of the oxide. 
Once a small amount of oxide scale of thickness x has grown, cations and electrons travel 
towards the oxide-gas interface and oxygen in the opposite direction in order to continue 
with the reaction. 
The electrical neutrality of the oxide lattice must be preserved; therefore the number 
of cations must be equal in number to the amount of vacancies in terms of flux as: 
jm-+ Jv, :::::::: (2.2) 
where j., represents the flux of ions across the scale and j, the flux of vacancies 
created at the oxide gas interface. This condition can be combined and represented 
mathematically using the first law of diffusion proposed by Fick applied to the vacancies 
concentration expressed as: 
- jv,,, = Dv 
c2 V. - 
C, V. 
(2.3) 
x 
where D is the diff-usion coefficient of metal vacancies, C2v,, and Clv,, the VM 
concentration of metal vacancies at the oxide-gas and metal oxide interfaces respectively. 
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It is important to note that the concentration of cation or anion vacancies are 
determined by the value of the partial pressure of oxygen found at each interface and in 
this case, the vacancies are generated in the oxide-gas interface and consumed at the 
opposite interface. As the equilibrium is fixed at the each interface, the term 
D, ( C'v,, - C'v, ) can be considered as a constant and included in a term namely k so 
that the change in thickness x with respect to the oxidation time t can be expressed as: 
Ak 
dt x 
(2.4) 
Arranging the terms of the equation equation 2.5 gives that: 
f xdx = kf dt (2.5) 
A PI 
A-ner the integration of above equation, the final expression gives: 
2 2kpt (2.6) 
Equation 2.6 represents the mathematical expression of Wagner's theory of high 
temperature oxidation of metals, where x represents the thickness of the oxide layer 
measured throughout the oxidation time t and kp is know as the parabolic rate constant a 
term that intrinsically includes the mobility of cations and electrons due to the gradients 
of chemical potential established across the oxide scale and the electrical conductivity of 
these species. The shape of the curve obtained by plotting equation 2.6 adopts the form of 
a parabola, but more important is the physical meaning of this theory, a feature that will 
be discussed during the next sections of this chapter. 
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2.5 Oxidation kinetics 
Three oxidation kinetics modes have been proposed along the years as the basic 
behaviours that rule the oxidation of metals, these are: 
a) Linear rate oxidation 
b) Parabolic rate oxidation 
c) Logarithmic rate oxidation. 
The occurrence of one or another type depends on factors such as the nature of the 
metallic system (i. e. pure metal or an alloy of various species), temperature and oxygen 
partial pressure among others. However, in practice it is common that each mechanism 
may be present on its own or be a combination of mechanisms depending on the exact 
conditions. Although determination of the oxidation mechanisms based only on oxidation 
kinetics for metal or alloys is almost meaningless, these curves need to be comb Mied with 
diffusion data, partial pressures data and results from previous works when the rate 
controlling mechanism for the oxidation of a metal or alloy is to be explained (Kofstad, 
1966). 
2.5.1 Linear rate of oxidation 
For linear oxidation, the relationship between x and the time follows a 
proportional pattern (Fig 2.5 a). This rate is normally associated with the formation of 
non protective oxide scales or the oxidation of metals that form volatile oxides, because 
under these conditions, it could possible that bare metal Will be always available to react 
with the oxygen contained in the atmosphere, being the supply of oxygen ions the rate 
controlling process that governs this oxidation rate. Mathematically, this behaviour is 
expressed as: 
kI (2.7) 
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where ki is the linear oxidation constant and t is the exposure time to the oxidant 
atmosphere. 
2.5.2 Parabolic rate of oxidation 
The parabolic oxidation rate of metals has been normally associated with uniform 
diffusion of ionic species and electrons across a compact, defect free oxide scale. Fig. 2.5 
b) shows the graphical representation of this behavi initi 'our, characterized by a rapid 
oxidation rate followed by a progressive reduction as the oxide scale grows on the surface 
of the metal. Many metals and alloyed systems oxidize following a parabolic trend, 
although the attainment of this kind of behaviour depends strongly on conditions like the 
temperature of the system, the partial pressure of oxygen and the composition of the 
oxidant atmosphere. In equation 2.6, kp is defined as the parabolic constant and has units 
Of Mg2/CM4_S, when the mass gain per unit of surface area is followed or CM/S 1/2 when the 
thickness of the oxide scale is measured. 
2.5.3 Logarithmic rate of oxidation 
This behaviour is represented by equations 2.8 and 2.9 for the direct and indirect 
logarithmic relations respectively. Logarithmic relations have been associated with the 
oxidation of metals and alloys at low temperature or with the development of thin oxide 
films and is graphically represented in Fig. 2.5 c), characterized by a rapid initial stage 
sometimes greater than that observed for the parabolic behaviour in the same time 
interval, followed by an abrupt reduction in the rate of reaction. 
The rate controlling mechanism for the reactions developed in this regime has 
been associated with the establishment of electrical fields across the oxide layer as a 
result of the tunnelling of electrons to maintain the electrical balance of the oxide lattice 
when oxygen ions are adsorbed in it. Evans, 1960 proposed another theory to explain the 
occurrence of the logarithmic rate based on the existence of cavities formed as result of 
vacancies concentration at the metal-oxide interface that reduce the surface area where 
II 
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anion and cations are mobile, slowing the rate of reaction of metals. Two equations are 
normally proposed for describing this behaviour: 
kL log(t + to) (2.8) 
1=A- kL log t (2.9) 
x 
where A and kL are constants, x is the variable used to quantify the oxidation 
phenomenon and t is the oxidation time. 
2.6 Oxidation of iron 
Not surprisingly, the oxidation of iron has been studied for many years given the 
extensive use of iron and steel under oxidative conditions. At one atmosphere pressure 
and for temperatures above 570T, three oxide phases grow on the surface of pure iron 
namely Wdstite FeO, magnetite Fe304and hematite Fe203, growing in this order from the 
metal oxide-interface in direction to the oxide-gas interface. Below 570' C, the Wdstite 
phase is not thermodynamically stable as indicated in the phase diagram of Fig. 2.6 and 
therefore oxide scales formed at lower temperatures consist mainly of magnetite and 
hematite. Above this temperature, WiIstite becomes a stable constituent of the oxide layer 
normally increasing its thickness as the oxidation temperature of the metal in the system 
increases. 
Although the mechanisms that describe the formation of the three iron oxide 
phases at high temperature can be found with fine detail in many text books 
(Kubaschewski, 1953, Kofstad, 1966, Birks and Meyers, 1983, Khanna, 2002) a brief 
explanation of the oxide formation process at temperatures above 570'C Will be 
discussed in this section based on the diagram shown in Fig. 2.7. 
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At the metal-oXide interface, iron is Ionized with the resultant release of cations 
and electrons, these constituents reduced magnetite at the Wfistite-magnetite *interface to 
produce Wfistite FeO. Divalent Fe 2+and trivalent Fe 3+ ions plus electrons move across the 
magnetite layer and react at the magnetite-hematite interface to form magnetite Fe304, the 
second constituent of the oxide layer. Finally the third constituent of the oxide layer, 
hematite Fe203, is produced in two ways; one implies the reaction of oxygen and iron 
ions at the magnetite-hematite interface due to the ionization of oxygen by the electrons 
released from Fe2+ tons and the other implies the reaction of excess trivalent Fe 3+ ions and 
electrons with oxygen dissolved in the hematite layer. At temperatures above the 
instability point (5700C), the proportion of these components in the oxide layer is a ratio 
of about 95: 4: 1 (Birks and Meyers, 1983). 
2.6.1 Oxidation of iron under the action of gaseous atmospheres 
The formation of the three oxide layers on the surface of iron can be considered 
only as an idealized case because, under certain conditions, these layers are present on the 
surface iron or iron alloys in different proportions including modifications to their 
structure and properties due to the presence of certain chemical elements. 
In practical applications such as high temperature forming processes, iron or its 
alloys are inevitably oxidized. Oxygen is rarely present as a pure gas, but usually in the 
oxidant atmosphere in the form of combustion products such as carbon monoxide (CO), 
carbon dioxide (CO2), sulphur dioxide (S02), water vapour or simply air. Depending on 
the amount and type of the components of the oxidant atmosphere these gases alone or 
combined will influence the rate of oxidation, and accordingly the effects of the 
environment on oxidation have been studied for many years. In this section, the effect of 
oxygen, air and water vapour on the oxidation characteristics of iron are reviewed. 
As a first example, Caplan and Cohen (1966) studied the oxidation of high purity 
iron in dry oxygen in order to identify the effects of the degree of cold work (Table 1) 
imposed on specimens on the oxidation rate and the oxide phases obtained in the 
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temperature interval between 400 and 6501C. Quasi parabolic kinetics were obtained for 
all the test conditions (Fig. 2.8). They observed that annealing the specimens reduced the 
rate of oxidation, promoting the development of a porous oxide scale which had poor 
adherence to the substrate. The scale contained substantial amounts of hematite rattler 
than magnetite up to 600'C. For the same test procedures and temperatures, but for 
conditions in which the specimens where only abraded prior the oxidation test, the rate of 
oxidation was greater when compared with the annealed specimens. This resulted in 
compact oxide layers of good adherence to the substrate, containing magnetite as the 
preferential phase obtained under this condition. 
Caplan and Cohen explained the differences in the oxidation behaviour obtained 
based on the generation of vacancies for each condition. In the annealed specimens, the 
vacancy flux was established in the direction of the metal-oxide interface, which 
condensed at this interface, creating pores and cavities. The poor plasticity of magnetite 
resulted in separation of this layer from the substrate and preferential growth of hematite 
at the expense of the separated layer (Fig. 2.9). In contrast, in the specimens that were 
abraded prior oxidation, the oxide microcrystallites formed in the abraded areas acted as a 
path for the diffusion of oxygen ions in the direction of the metal oxide interface. This 
compensated the loss of metal ions by filling the empty spaces, promoting the even 
development of an oxide layer of good adherence to the substrate. In addition to this 
mechanism, the existence of defects in the metal could also dissolve the vacancies 
generated. At 650*C, the oxidation rate and the development of oxide phases was similar 
for both specimens, and this was related to the existence of Wastite FeO, a fairly plastic 
oxide layer that may suppressed the pores formed when expanded laterally. 
In a different study, Caplan (1966) studied the effect of cold work on the 
oxidation resistance of pure iron and various Fe-Cr alloys ranging between 10 and 26 
wtO/o Cr having water vapour as oxidant atmosphere at 600'C, based on the premise that 
the imposing a certain of degree cold work increased the oxidation resistance of stainless 
steels in water vapour. Caplan found that specimens of pure iron oxidized under the 
action of water vapour presented the same mass gain (Fig. 2.10 a) regardless of their 
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preparation condition prior testing (abraded or annealed). This is contrary to the 
observations found in the previous study for specimens oxidized in dry oxygen, where the 
mass gain was higher in the abraded specimens. It was also found that for the alloys with 
chromium content between 10 and 16 %wt, the oxidation of rate, expressed by a 
parabolic relationship, was higher for mechanically worked specimens after 10 minutes 
and 20 hours exposure. However, for oxidation times of this order, the mass gained was 
almost the same for samples containing up to 14 %wt Cr either abraded of annealed 
(Fig. 2.10 b). Increasing the chromium content of the alloys reduced the oxidation rate 
considerably for the specimens in the abraded condition whereas annealed specimens 
were oxidized considerably. Caplan explained these differences based on the suppression 
of the internal oxidation phenomenon due to the high diff-usivity of chromium M the alloy 
in addition to the protection offered by an outer layer of (Fe, Cr)203 spinel formed in the 
specimens that received mechanical work. 
According to Surman and Castle (1969), the oxidation products resulting from the 
exposure of pure iron and steel to atmospheres containing water vapour at 500'C consist 
of a double layer of magnetite, With the outermost layer formed by solid state diff-usion of 
Fe cations across the oxide layer in the direction of the oxide-gas interface. Contrary to 
normal wisdom, Surman and Castle proposed that the diff-usion coefficient of oxygen In 
magnetite was too low to promote the diffusion of this element across the scale in order 
to form the inner layer. Instead, they proposed that the transport of the cations across the 
scale could be determined by the formation of volatile hydroxides Fe(OH)2. They based 
their hypothesis on observations made to the oxide microstructure in order to prove the 
existence of pores and micro channels in the oxide as well as using calculations of the 
oxidation rate kp as a function of the partial pressure of water and oxygen. Another 
important aspect of this investigation is that for the oxidation of chromium containing 
steels, Cr ions remained as part of the innermost scale because of the impossibility of 
chromium to from volatile species. 
Tuck et aL (1969) studied the effect of the addition of water vapour to oxygen on 
the oxidation characteristics of iron and mild steel at 9501C for samples having 
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geometries of rod or sheets and compared the results obtained against previous results for 
the same materials and geometries obtained under the presence of dry oxygen. In all 
cases, the addition of 12 % vol of water vapour to dry oxygen increased the oxidation rate 
of the specimens described by a parabolic relationship (Fig. 2.11 a), regardless of whether 
the samples were preheated in argon or under the action of the oxidant mixture. In 
addition, depending on the oxidant atmosphere the specimens were exposed to, different 
oxide structures were identified by cross section analyses. For example, the materials 
oxidized in dry oxygen developed porous scales with bad adhesion to the metallic 
substrate having magnetite as the predominant phase, whereas the oxide scale obtained in 
the mixture oxygen-water vapour consisted of an adherent compact oxide layer 
containing no pores and whose growth was observed preferentially for specimens In tile 
from of sheets. 
Tuck et aL commented that the slope of the parabolic region in the oxidation rates 
observed for iron specimens exposed to oxygen with steam, steam, oxygen or, dry air 
atmospheres was nearly of the same order for all the testing conditions (Fig. 2.11 b) so 
that the effect of water vapour on the oxidation rate was not so clear. Therefore they 
concluded that the effect of water vapour on the increment of the reaction rate was 
associated with the preservation of the compactness as well as the lack of the porosity of 
the oxide layer along the oxidation process. These characteristics were preserved by the 
presence of hydrogen in the oxide scale either as a diatomic molecule (H2), hydroxide 
ions (Olt) or as steam (H20). These molecules enhanced the activity and mobility of 
dislocations within the oxide layer promoting the creep and plastic flow of the oxide 
layer, improving the ability of the oxide to annihilate the pores created by condensation 
of vacancies, facilitating the diffusion of ionic species across the oxide. 
Jansson and Vannerberg (1971) analyzed the effect of the oxygen pressure on the 
oxidation rate of iron samples (99.998%) with a certain degree of cold work. Cold 
working of the surface increased the oxidation rate. The parabolic oxidation rate of the 
cold worked material decreased when the oxygen pressure was increased from values 
varying from 0.02 to 1.0 atmospheres (Fig. 2.12 a and b). This phenomenon was related to 
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the nucleation and growth of Fe203whiskers parallel to the substrate that protected the 
surface of iron and made the oxidation phenomenon difficult to continue at temperatures 
between 500 and 625'C. 
Baud et al. (1975) studied the influence of humidity additions to dry air on the 
oxidation behaviour and scaling characteristics of pure iron (99-998%) and iron alloyed 
with 5% wt carbon, oxidizing samples of these materials at 700*C in atmospheres 
containing dry air, ambient air with 1-2% water vapour and dry air saturated with 31 % 
water vapour. It was observed that the thickness of the oxide layer formed on the alloyed 
iron increased as water was added to dry air, whereas the thickness of the oxide layer that 
grew on pure iron remained practically the same values regardless the oxidant 
atmosphere (Fig. 2.13). 
It was also observed that the addition of water to the oxidant atmosphere also 
improved the adherence of the oxide to the surface of alloyed iron. This was attributed to 
the formation of a porous FeO layer next to the metallic substrate. However, water did 
not have a significant effect in the oxide layers that grew on pure iron because good 
adherence and low porosity was observed in all cases regardless the humidity content of 
the oxidant atmosphere. These findings were corroborated when the phase content of the 
oxides was measured in the alloyed iron, showing that for the samples oxidized in dry air 
+ 31 % water vapour and 1-2 % water vapour, Wiistite comprised 90 % and 40 % of the 
oxide layer respectively, while in dry air Wdstite was not present at all and the layer 
comprised only of magnetite and hematite, which grew at the expense of Wdstite, 
suggesting separation of this layer from the substrate. The three iron oxides were present 
in all the oxidant conditions experienced by the samples of pure iron. 
The oxidation rates observed for the alloyed iron Increased marginally as the 
water vapour content of the oxidant mixture increased when compared to those of pure 
iron where the oxidation process occurred at a higher rate, with no visible differences 
whether the samples were oxidized in water or dry air. For all these cases parabolic 
oxidation kinetics were observed. It might be that in this work the effect of water vapour 
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I 
on the oxidation of the materials studied was the same observed by Tuck et al. (1969) 
where the presence of hydrogen stimulated the plasticity of the oxide layer maintaining 
its compactness by increasing the disorder in the oxide structure due to the existence of 
hydrogen and water vapour molecules. 
Taguchi and Suzuki (2006) analyzed the differences in the oxidation rate of three 
grades of iron that differed in the amount of oxygen dissolved within them prior the tests, 
and that were oxidized at 850T in atmospheres containing dry or ambient air. The mass 
gained by the samples exposed to ambient air exhibited greater mass gain compared to 
the samples exposed only to dry air. For each test condition, the samples containing the 
minimum amount of dissolved oxygen resulted in the greatest mass gain compared to 
those containing more impurities (Fig. 2.14). Taguchi and Suzuki also compared the 
results of oxidation experiments completed for pure iron at 700'C in both ambient air and 
dry air finding that the oxidation of iron was slightly higher in ambient air than that 
observed in dry air. This contradicts the results obtained by Baud et aL (1975) for pure 
iron where no significant variations were found for the experiments conducted in ambient 
air and dry air, as previously discussed. The justification for these variations was related 
to the differences In the amount of water vapour present in ambient air for both 
conditions that for the case of Taguchi was less than 6xI 0-3 g/mý and for Baud's 
conditions of about 14 g/m'. They concluded that although the influence of humidity 
seemed small, small amounts of water can have a considerable effect on the oxidation of 
iron as suggested in the electron micrographs taken to the surface of the iron samples 
shown also in Fig. 2.14. 
2.6.2 Oxidation of Fe-Cr alloys and steels under the action of gaseous atmospheres 
The oxidation in dry air at 800'C of a Fe-Cr alloy containing 3 %wt chromium 
was studied by Kahveci and Welsh (1986). They found that the oXidation kinetics of the 
alloy was characteriZed by an initial parabolic stage that was followed by inverse 
logarithmic behaviour (Fig. 2.15 a). The development of the first oxidation stage was 
believed to be associated to the uni 'form 1 of iron and oxygen ions diffusion I across the 
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scale, promoted by the existence of abundant grain boundaries that acted as easy 
pathways for the migration of these species as well as a thin Wdstite layer formed next to 
the substrate due to a chromium depletion in this zones observed during the early 
oxidation stages up to 35 minutes. 
The reduction in the oxidation kinetics found in the second stage characterized by 
a logarithmic trend was explained in terms of three factors: a) the development of a spMel 
next to the metallic substrate of the formM304andM203 that exhibits low diffusion rates 
for Fe and Cr ions, b) the nucleation and growth of a columnar layer of a-FeA(Fig. 2.15 
b), that increased the thickness of the scale and therefore increased the diff-usion distances 
and, c) the growth of coarse grains in the outer a-Fe203 that reduced the diff-usion paths 
for oxygen ions. 
Cory and Herrington (1987) pointed out that duplex scales grow by oxidation of 
metals In steam and oxygen and under this premise studied the influence of super heated 
steam on the oxidation behaviour of ferrous alloys containing chromium *in amounts 
varying between 0 and 9 %wt with additions of molybdenum and niobium, at 
temperatures between 450 and 550'C under the action of various gas pressures. They 
found that the oxidation rate was parabolic and independent of the steam partial pressure, 
and increased when the temperature for oxidation increased, showing the opposite effect 
for reductions to the chromium content of the alloys. 
The oxide layer formed on the alloy for all the experimental conditions was 
characterized by the formation a double oxide layer, comprised of an inner fine grained 
oxide layer of Fe-Cr spinel (1\4304) and magnetite as well as by an outer magnetite layer 
with columnar grains perpendicular to the alloy substrate. The spinel layer was formed by 
internal oxidation caused by inward diffusion of oxygen, possibly through pores or 
defects within the layer, and was deficient in iron but rich in chromium. Similar features 
were also observed for alloys with higher chromium content. 
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Cory and Herrington pointed out that during the oxidation process, pores were 
developed in the magnetite phase in the sample containing 2.25 %wt Cr suggesting that 
the oxide layer was permeable to hydrogen gas. The formation of hematite whiskers was 
found as a common phenomenon in samples that did not contain chromium and based on 
this they concluded that chromium may suppressed the formation of hematite structures 
in the alloys where this element was present. 
Chang and Wei (1989) commented on the effect of water vapour, oxygen and air 
on the oxidation behaviour of steels and also summarized the effect of alloying elements 
in the scaling behaviour of the alloys. They pointed out that water vapour transports 
oxygen ions across the oxide scale in the direction of the metal surface. Once there, this 
molecule dissociates resulting in the production of oxygen that reacts with iron ions to 
produce more oxide but also liberating hydrogen, a reducing agent, resulting in a process 
that favours the production of more iron ions and water molecules, establishing a 
redundant cycle of reactions across the oxide scale. They also commented that in systems 
containing a mixture of water vapour and oxygen the oxidation rate increases with the 
water vapour content up to saturation values, and in systems that contain mixtures of 
water vapour and hydrogen, the rate of oxidation of the steel decreases as the amount of 
hydrogen increases. On the effect of alloying elements on the scaling behaviour of steel, 
they pointed out that alloying steel with chromium also results in the suppression of 
Wiistite at temperatures above 570T when the chromium content exceeds 2.5 %wt, 
resulting in the growth of oxide layer that include only magnetite and hematite. 
Simms and Little (1988) studied the oxidation rate and the oxide structures 
formed on the surface of a steel containing additions of chromium (2.5 %wt) and 
molybdenum (1% wt) under the presence of dry oxygen at 600 and 650'C for oxidation 
times up to 100 hours. The oxidation rate of the steel samples at these temperatures was 
parabolic (Fig. 2.16 a), the greatest mass gain obtained at the highest temperature at which 
the steel was oxidized. Based on measurements made by EDX on fractures surfaces of the 
oxides, they found that in most cases the oxide layer as a whole was comprised of an 
inner fined grained structure of spineIM304, followed by an intermediate layer of 
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columnar magnetite Fe304 grains which was thicker than the outer layer of hematite 
Fe203 (Fig. 2-16 b and c). Simms and Little pointed out that the growth of these oxide 
structures depended on the flux of cations and anions through the oxide scale. They also 
explained that the growth of the intermediate magnetite layer was caused by a deficit in 
oxygen observed in the hematite layer that fails to complete the oxidation process, giving 
the opportunity for magnetite to nucleate and grow at specific sites between hematite and 
the spinel layer. 
Walter et aL (1993) analyzed the isothermal and cyclic oxidation behaviours of a 
steel alloyed with chromium (12 %wt), molybdenum (I %wt) and vanadium (0.25 %wt) 
under the action of air, air with sulphur dioxideS02and a mixture of argon, hydrogen and 
50 % water. By comparison with the results obtained from isothermal oxidation tests M 
dry air and the tests carried out under the presence of water, they found that under both 
conditions the steel was oxidized following parabolic kinetics, the thickness of the oxide 
layer developed under conditions containing moisture considerably greater than that 
formed in dry air. The oxide phases present M the oxide layers obtained were also 
different depending on the oxidant atmosphere (Fig. 2.17 b) and c). The oxide scale 
formed in the environment containing water vapour was similar to that observed by 
Simms and Little (1988), comprising a layer of spineIM304, an intermediate layer of 
magnetite Fe304and an outer layer of hematite Fe203, whereas the samples oxidized in 
dry air and dry air mixed with sulphur dioxide only a thin layer of spinelM203was 
present on the surface of the steel. 
Laverde et al. (2004) studied the isothermal oxidation behaviour of a T91 steel 
containing 8.51 %wt chromium and small amounts of alloying elements similar to those 
found in the composition of a high speed steel (typically vanadium, molybdenum 
tungsten). They conducted isothermal oxidation experiments at temperature intervals 
between 575 and 650'C under the presence of a mixture of argon and steam produced at 
90'C to give a relative humidity of 70 %. The oxidation kinetics of the samples quantified 
by both mass gain and thickness resulted in parabolic relationships for all the test 
temperatures, the values of the variables used to measure the oxidation rate increasing 
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with the temperature of the tests. For all the temperatures, the scale comprised an outer 
compact hematite layer (Fe203), a porous intermediate Fe304 and an inner layer of 
(Fe, Cr)304 spinel. The magnetite layer seemed porous being attributed to the release and 
presence of gaseous products and reactants through the scale that exist in the reaction 
established between magnetite and water vapour to form hematite represented as: 
2Fe3o4+H20-> 3Fe2o3+ H2 (2.10) 
Laverde et aL pointed out that at 600T and for long exposure times, hematite was 
the dominant phase present on the surface of the steel and concluded that the 
development of the oxides structures obtained under the presence of water vapour give a 
protective character to the steel that at some point could diminish the reaction rate of 
oxidation. 
Ehlers et al. (2006) studied the influence of additions of water vapour up to 7% 
vol to a mixture of nitrogen and oxygen on the oxidation rate and the characteristics of 
the oxide scale formed on a P91 heat resistant steel containing 9% Cr oxidized at 650'C. 
By comparison with tests carried out using the dry mixture and the mixture containing 
water vapour additions (Fig. 2.18 a), they found that the oxidation of the steel increased as 
the water vapour content in the environment increased and that small additions of water 
to environments with low oxygen content promoted considerable changes in the oxidation 
rate as the water vapour content in the mixture was increased. 
The differences found in the compositions and morphologies of the oxide layer 
were also remarkable. The oxide layer developed on the steel exposed to dry conditions 
developed a compact structure containing a chromium rich spinel formed next to the steel 
substrate and a thick hematite layer. The oxide layer grown on the samples of the steel 
exposed to the conditions containing moisture revealed the presence of several layers that 
included the development of an internal oxidation zone, a zone containing a mixture of 
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magnetite and a chromium rich spineIM304followed by a porous layer of magnetite and 
finally a thin outer hematite layer (Fig. 2.18 b). 
Ehlers et aL explained the differences of these phenomena based on the 
permeation of water molecules into the oxide layer that were responsible for the 
acceleration of the mass intake as well as the development of porosity in the magnetite 
layer observed in the samples exposed to water vapour. These pores were created by the 
formation of volatile species of iron hydroxide from the reaction of magnetite and 
hematite with water molecules at sites where the dissociation of water molecules to 
produce oxygen and hydrogen was established. The establishment of these reactions was 
considered the main mechanism that promoted the ionic transport across the scale and 
that resulted in the pronounced increments of the oxidation rate observed under the 
presence of water vapour. This clearly contrasts with the mechanisms observed in dry 
conditions where oxygen was the only oxidant molecule existent in the environment 
available to oxidize the steel. They concluded that the oxide scales formed in water 
vapour are more permeable to water molecules rather than to oxygen molecules, therefore 
a competition between the molecules to oxidized the steel is established, competition 
where water molecules are preferred and that is controlled by the ratio of partial pressures 
pH20/p02. 
2.7 Energy for oxidation in hot strip miRs: heat transfer processes 
High temperature oxidation is a common phenomenon found in the finishing 
stands in hot strip mills. The oxide develops in both strip and rolls as a result of the high 
temperature gradients experienced by the strip whose temperature normally varies 
between 800 and 1200'C. Particularly, the heat flux transferred from the strip to the work 
rolls is of great importance because it determines the temperature field experienced by the 
work rolls and to a certain point it could define the amount of oxide that could grow on 
their surface. Values of heat transferred to the work rolls between 5 and 12.5 Nff were 
calculated by Colas (1994) depending on the thickness of the steel strip laminated in a 
compact steel mill. 
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2.7.1 Heat transferred to the work rolls 
In the finishing stands of hot steel strip mills, the work rolls are heated mainly by 
conduction caused by the contact with the high temperature strip normally found In the 
temperature interval between 800 to 1200'C depending on the position of the stand. 
Investigations focused on determining the heat transferred to the work rolls and the 
values of thermal gradient imposed on their surface in hot strip mills are varied. Devadas 
and Samarasekera (1986) studied the heat transfer phenomena in the finishing stands In 
hot strip mills based on calculations made by means of a one dimensional mathematical 
model of the process. They found that the temperature on the surface of work rolls vaned 
when different lubricants were used and calculated maximum and minimum temperatures 
reached by the work rolls giving values comprised between 620 and 250'C when the rolls 
were in contact with the strip whose temperature was II OOOC. Reductions in temperature 
comprised between 50 and 90'C where observed during the simulation of the cooling 
practices of the rolls (Fig. 2.19). 
Huan et aL (1995) developed an iterative bi dimensional mathematical model to 
predict the heat flux transferred to the work rolls as well as to calculate the distribution of 
temperatures on the surface based on the premise that these calculations are important to 
understand wear and friction phenomena as well as to improve cooling practices. The 
model took into account the temperature fluctuations measured on the surface of the work 
rolls during real operation conditions and that were in the order of 500'C to 50'C for 
heating and cooling stages respectively. Using this model, temperatures on the roll 
surface between 400 and 450'C (Fig. 2.20) were predicted during the heating stage 
finding good agreement between measured and predicted values. 
Guerrero et aL (1999) simulated the heat transferred from the strip to the work 
rolls located in the finishing stands of a hot strip mill, based on the development of four 
mathematical models that considered gains and losses of heat occurring In the roll 
depending on angular positions. Depending on the model and the initial temperature of 
the strip, maximum temperatures reached by the surface of the rolls were predicted 
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between 315 and 5501C (Fig. 2.21 a and b). The variations found in the temperature 
values were related to the accuracy of the model used to compute the calculations in each 
case. The minimum temperature values of the roll surface during the cooling stage were 
computed between 20 and 85'C and it was also appreciated that the thermal cycles 
imposed on the surface of the rolls were repeated at intervals of 20 ms. 
P6rez et aL (2004) studied the thermal behaviour of high chromium (Hi-Cr) iron 
and indefinite chilled work rolls using an analytical mathematical model of the heat 
transferred from the strip to the roll. The model took into account the variation of the strip 
temperature and the roll temperature profile along a complete rolling campaign. They 
predicted a maximum temperature of the roll surface of 6500C for the heating stage and a 
minimum temperature of about 900C when cooling was applied by means of spayed 
water on their surface, the thermal cycle being repeated for time intervals of almost I 
second (Fig. 2.22). 
Sikdar and John (2006) pointed out that variations in the roll profile resulting 
from thermal expansion have a direct impact on the surface quality and dimensions of the 
rolled strip and solved a two dimensional mathematical model of the contact strip-roll in 
order to study the temperature fluctuations of the work rolls along the finishing stands. 
Dividing the work roll diameter in different characteristics zones depending on the nature 
of the heat transfer mechanism, they calculated the temperature profile of the roll surface 
finding that it follows a cyclic path increasing up to 620'C when in contact with the strip 
but being rapidly reduced down to 25'C as water was applied onto the surface (Fig. 2.23). 
2.8 Oxidation of work roll grade materials 
As noted earlier, the work rolls are exposed to an aggressive oxidative 
environment that includes features such as the high temperature of the stock, the cooling 
water sprayed onto their surface and the water vapour generated as a product of the 
cooling practices. These features provide the necessary conditions to promote the growth 
of an oxide scale on the surface of the rolls as a layer that could alter the working 
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conditions of the subsequent stands but more importantly the final surface quality of the 
strip. 
Work roll oxidation is also enhanced by the development of cracks generated on 
the roll surface, as a result of thermal fatigue commonly named "fire cracks" and that are 
propagated internally in the radial direction through the net of carbides present in the 
microstructure. These cracks act as oxygen pathways that promote the development of 
internal oxidation processes causing further loss of roll material, particularly where the 
cracks coalesce, as reported by Colas et al. (1999). 
Although different metallurgical strategies and processes have been developed 
along the years to manufacture work rolls that withstand the severe working conditions 
found in hot strip mills, the oxidation phenomena remains present. A major concern is 
that the growth characteristics, behaviour and influence of this layer on the processes 
have been barely studied, and only a few studies have been undertaken in order to 
characterize the oxide layers, accordingly the existing knowledge is reviewed in the 
following sections. 
Molinari et aL (2000) studied the isothermal oxidation of two high-speed steel 
work rolls with different chromium content (3 and 5 %wt), conducting thermo- 
gravimetric analysis (TGA) experiments in dry air at 500,600 and 700'C for oxidation 
times up to 25 hours. They found that the oxidation processes initiated at the matrix- 
carbide interface, being the matrix more likely to oxidize rather than the carbides which 
presented a high resistance to oxidation. At all test temperatures the samples followed a 
parabolic behaviour except for the samples with the highest chromium content oxidized 
at 700'C where a transition ftom parabolic to a lower oxidation rate was observed 
(Fig. 2.24). This reduction in oxidation rate was attributed the formation of an inner 
chromium rich spinel layer of the formM304(M= Fe, Cr) next to the steel substrate. 
in later work Molinari et al. (200 1) studied the influence of the microstructure and 
the chromium content on the isothermal oxidation behaviour of high-speed steels (Table 
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2) in dry air at 7000C. They found that samples having chromium contents varying 
between 3-5 %wt presented low oxidation resistance. This was attributed to the high 
volume fraction of the carbides dissolved in the microstructure and that accounted for a 
reduction of the chromium content in the matrix reducing its resistance against oxidation 
expressed mathematically by a parabolic relationship (Fig. 2.25 a). 
They also commented that as a high content of carbides was present in the steels, 
the number of nucleation sites for oxidation defined as matrix-carbide interfaces were 
also a high factor that contributed to increase the oxidation phenomenon given that 
oxidation occurred preferably at these locations. In addition, they observed that samples 
containing greater amounts of chromium (between 10-12 %wt), developed a low carbide 
volume fraction and therefore a chromium rich matrix that improved its properties against 
oxidation expressed as a transition from a parabolic oxidation to a lower oxidation rate 
(Fig. 2.25 b). They concluded that the oxidation rate of the steel was strongly related to 
the volume fraction of the carbides and the properties of the matrix as suggested in 
Fig. 2.25. c). 
In order to model the growth of the oxide scale on the surface of high-chromium 
iron work rolls (Hi-Cr) (Table 3), Gonzalez et A (2001) conducted oxidation 
experiments in dry air using material taken from sections of real work rolls at 
temperatures between 400 and 600'C for oxidation times up to 32 hours. After 
completion of the experiments, the resultant oxide scale was comprised by layers of 
magnetite (Fe304) and hematite (Fe203), whereas Wiistite (FeO) was not detected during 
scan, feature attributed to the transformation of this phase to magnetite. 
The oxidation kinetics of the roll samples was represented by parabolic 
relationships at all temperatures (Fig. 2.26 a) having a time exponent of 0.2 rather than 0.5 
(see equation 2.64 in Section 2.4) even though the plots look logarithmic at first instance. 
Based on these data, an apparent activation energy Q for the oxide growth was calculated 
and used for the development of a time compensation parameter used in order to simulate 
the growth of the oxide scale under thermal cycling conditions. Under these conditions, 
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they predicted the growth of the oxide scale as a function of the passage of several slabs 
taking into account the thermal cycling of the rolls (Fig. 2.26 b). 
Kim et aL (2003) investigated the influence of the oxidant atmosphere on the 
oxidation behaviour of various high-speed steels (Table 4), conducting isothermal 
thermo-gravimetric experiments at 600'C for exposure times up to I hour. In the 
presence of dry oxygen, the steel matrix was oxidized together with MC-type carbides, 
forming oxide structures that were described as parallelepiped shaped oxide crystallites 
that presented a weak adhesion to the substrate. In the experiments conducted for samples 
exposed to a moist atmosphere (created by mixing argon and water vapour), only the 
matrix was oxidized, this was attributed to the low vapour pressure of oxygen in the 
environment that was not enough to favour the oxidation of the carbides present in the 
microstructure. 
During the early oxidation stages, the growth kinetics of the samples oxidized in 
the dry atmosphere followed a parabolic oxidation rate that progressively changed into a 
linear one as the oxidation time increased. This trend was observed for the samples 
containing about 5.6 %wt Cr, whereas for the samples with about 9.4 %wt Cr, a complete 
parabolic behaviour was present (Fig. 2.27 a) associated to the formation of a protective 
oxide layer of iron-chromium spinel. The oxidation behaviour of the experiments 
conducted in the wet atmosphere was parabolic; in all cases no transition to a lower or 
higher oxidation rate was reported (Fig. 2.27 b). 
The oxide layer in both experimental conditions comprised an inner layer of 
magnetite (Fe304) and an outer layer containing a mixture of magnetite (Fe304) and 
haematite (Fe203). The only difference related to the oxide layer obtained for each 
experimental condition was that through scale cracks appeared in the oxide scale formed 
in dry conditions that maybe were responsible of enhancing the diffusion of oxygen 
through the scale and therefore increased the oxidation rate. This feature was not 
observed for the oxides obtained in wet conditions, and was explained based on the relief 
of stresses as result of the formation of voids within the scale. 
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Monteiro and Rizzo (2003) studied the oxidation behaviour of three different 
high-speed steels (Table 5) exposed to dry and moist atmospheres, oxidizing samples at 
750'C up to 240 minutes using a thermo balance of controlled atmosphere. For the 
experiments conducted in the dry atmosphere, a gaseous mixture of nitrogen and oxygen 
(N2-20%02)was used, finding that the oxidation kinetics of the steels exposed to it 
followed a parabolic trend in most cases, except for the sample with the highest 
chromium content in which a linear behaviour was observed (Fig. 2.28). 
The moist atmosphere had the composition N2-17.5%02 -12.5 % H20 and the 
oxidation kinetics resulted in a combination of the parabolic and linear behaviours for the 
sample with 4.4 %wt Cr, parabolic for the samples with 3.5 %wt Cr whereas for the 
samples with 7.5%wt Cr the rate was characterized a combination of various oxidation 
laws (Fig. 2.28). In all cases the mass gained by the samples was greater under this 
condition. 
The morphology and composition of the oxide scale was completely different 
depending on the oxidation conditions and the chromium content of the alloy. For the 
samples oxidized in a dry environment, the oxide scale had an irregular morphology, 
suggesting that selective oxidation of steel took place III zones close to high chromium 
concentrations in the scale (zones with carbides). The samples with a high chromium 
content exposed to the moist atmosphere showed the formation of a porous oxide scale 
rich in vanadium and chromium, related to the internal oxidation of vanadium and 
chromium-rich carbides. These layers were possibly responsible for decreasing the 
oxidation rate, acting as protective layers. Monteiro and Rizzo concluded that the 
chromium content and the composition of the atmosphere influence the oxidation 
behaviour of these steels, whereas the presence of tungsten in the steels did not affect the 
oxidation kinetics of the steel nor the composition of the oxide layer. 
Ziadi et A (2005) noted that the oxidation behavior of alloyed white cast irons 
work rolls (Table 6) in dry air is affected by the previous heat treatment applied to the 
material. The oxidation of samples in the interval of temperatures comprised between 500 
and 6000C followed a parabolic trend (Fig. 2.29. ). The oxide layer produced contained 
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two main components hematite and spinel FeCr204, and its growth was also characterized 
by the selective oxidation of MC vanadium rich carbides. More importantly, Ziadi et al. 
pointed out that the oxidation phenomenon observed for this material accounts for the 
increments to the values of friction observed in the stands of hot strip mills using this 
kind of work rolls. 
2.9 Influence of oxides on the tribology of forming processes 
2.9.1 General approach 
The growth of oxides on the surface of the tools used in high temperature forming 
processes particularly in the hot rolling of steel strip is almost inevitable and for this 
reason it is proposed that they can assume an active role when tribological aspects of the 
process like friction and wear are analysed. 
The role of the oxides found in a particular process could be ambiguous. Whilst in 
some processes they can be considered as a solid lubricant that reduces friction, In other 
cases they could act as an abrasive particle that increases the wear rate of the material. In 
this section a brief review of some works that were focused on defining the role of oxide 
scales in forming processes are discussed. 
Under the premise that a significant amount of the energy used in the forging of 
metals is required to overcome friction, Luong and Heijkoop (1981) studied the influence 
of thickness and composition of the oxide scale formed in the process on the value of the 
friction coefficient developed in the forging of steel. By means of ring compression tests 
at high temperature under controlled atmosphere, they found that the value of the friction 
factor decreased as the oxide thickness increased also noting a decreasing trend when the 
oxide scale was comprised mainly of Wiistite (FeO) (Fig. 2.30). In contrast, friction 
increased when a considerable amount of hematite (Fe203)was present in the oxide and 
when the oxide scale was thin. They concluded that the friction behaviour is strongly 
influenced by the thickness of the scales rather than their composition, but remarked that 
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both factors have to be taken into account when friction dependant parameters In the 
process are to be analyzed. 
Batchelor et al. (1986) commented that the wear mechanisms experienced by the 
components of tribosystems are strongly influenced by the properties and structure of the 
oxide layers present in the system. For this reason, different contact properties are 
expected for systems in which thin or thick oxide layers are present. They pointed out 
that the rate of growth of oxides depends on the oxygen source present in the system 
resulting in different growth rates if, for example, the source is the atmospheric air or a 
compound like water of carbon dioxide (Figure 2.3 1). They also pointed out that for iron 
and its alloys, the oxides formed in tribosystems have a protective character, being the 
grade of protection a function of the kind of oxide present and its ability to remain 
attached to the substrate. They commented that most of the experiments used to study the 
oxidation kinetics of the metals that participate in tribosystems are not representative of 
the real system because these frequently exclude important features intrinsic of the 
system like the presence of water, for example. 
Tu et al. (1998) pointed out that wear of the dies used in the high temperature 
forging process can be related to a combination of various mechanisms including 
adhesion, abrasion but most importantly oxidation. In order to understand these 
mechanisms, they carried out high temperature low-slidmig speed experiments between 
400 and 600'C using a block on ring rig in which the block was manufactured of 
5CrNiMo steel, the same material used as die in the real process. They found that tile 
wear rate of the block decreased from 4000C down to a minimum value reached at 500'C 
and beyond this temperature value the wear rate increased again being a similar trend 
observed for the values of the friction coefficient (Fig 2.32 a and b). 
Tu et aL noted the presence of ploughed grooves and wear debris when the 
temperature of the test was 400 'C, but a smooth and even oxidized surface was observed 
for the tests carried out at 500 'C whereas at 550 and 600 'C cracking of the oxide scale 
formed on the surface of the samples was observed. The X-ray diffraction analysis of the 
samples revealed the presence of Wiistite (FeO) magnetite (Fe304) and hematite (Fe203) 
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on the worn surfaces at temperatures higher than 5000C while no oxides were detected for 
the samples tested at 400 OC. They explained that for the samples exposed at 400 OC, the 
temperature was too low to promote the growth of oxide layer and abrasion by wear 
debris and hard asperities were the cause of damage on the surface of the ring, but as the 
temperature increased, the formation of oxide scale had a positive influence on the 
protection of the block surface and in the low value of friction coefficient observed. 
A similar study to that of Luong and Heijkoop (1981) was developed by Munther 
and Lenard (1999) in which the influence of the oxide scale formed on the surface of low 
carbon steels was related to the variations of friction coefficient in the hot rolling process. 
They pre oxidized steel samples M various oxidant atmospheres to produce different 
thicknesses and immediately after the samples were deformed in an experimental rolling 
mill in order to measure the value of the ffiction coefficient. 
An important finding is shown in Fig. 2.33 where they represented the variation of 
the friction coefficient as a function of the temperature for a fixed oxide thickness. It is 
shown that for the samples with the thickest oxide scale, the ffiction coefficient had the 
lowest value compared with the samples that developed a relatively thin oxide layer, 
where the friction coefficient was high. They concluded that although thick scales have a 
significant influence on the reduction to the value of the friction coefficient in the 
processes, this oxide is not industrially desirable given the poor surface quality of the 
final product. Most importantly, they commented that it is necessary to develop a more 
accurate model to describe the ffiction conditions found in the hot rolling process of steel 
including the wear phenomenon of the work rolls. 
2.9.2 The role of oxides on the wear of work roll materials 
In hot strip mills, most of the attention related to oxidation phenomena has been 
dedicated to the study of oxides formed on the surface of the strip. The contribution and 
the impact of the oxides that grow on the surface of the work rolls to the tribology of the 
hot rolling process as well as to their tribological behaviour has been barely studied and 
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not well understood (Beynon, 2002). In this section the most important contributions of 
some works that analysed the effects of oxides on the wear properties of work roll 
materials are reviewed. 
Kato et al. (1992) commented that features like the temperature and the Hertzian 
stresses produced by the contact work roll-back up roll are the main features that Induce 
wear on the surface of work rolls. To study these features, they carried out experiments 
using a disc on disc configuration rig (Fig. 2.34) In order to identify the wear mechanisms 
of high chromium iron (Hi-Cr) work rolls. Observations of the wom surfaces after the 
experiments revealed abrasion of the roll surface as the most common wear mechanism 
but quantification of the slZe, morphology and composition of the abrasive particles 
responsible for this, was not defined. They also stated that wear of work rolls was more 
severe near to the edges of the strip than at the centre because at this location a dark oxide 
layer protected the surface of the roll giving no information on the composition of such 
oxide layer. 
Erickson et aL (1993) highlighted the protective character of the oxide scale 
formed on the surface of high chromium work rolls against wear, when they studied the 
banding process (excessive groove formation by abrasive particles) of high chromium 
iron work rolls. First they conducted oxidation tests on mechanically polished samples 
obtained from these rolls heating them up Ma furnace up to 500'C for exposure times of 
about to 5 hrs in order to compare the composition of the oxide layer formed in this heat 
treatment against the composition of the oxide found on the surface of the real rolls. By 
means of glow discharge optical emission spectrometry (GDOES), it was found that the 
oxide layer on the heat treated samples had a higher chromium content than that observed 
for the samples taken directly from the roll surface. The composition of the oxide layer 
formed on the rolls during the process was determined by the analysis of X-ray 
diffraction patterns, showing that the predominant oxide was magnetite (Fe304). 
Erickson et aL (1993) pointed out that roll wear can be strongly correlated to the 
adhesion and strength of the oxide scale that builds up on the roll surface and proposed 
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that this oxide layer results from the transfer of oxide from the stock surface to the roll 
surface, based on the lack of chromium found in the oxide layer formed on the surface of 
the work roll as well as the presence of the phase Wiistite (FeO). 
Spuzic et al. (1994) commented that a considerable percentage of the final cost of 
rolled products in shape mills is credited to the performance of work rolls during 
operation and based on this statement summarized the main factors that contribute to the 
wear of work rolls used in the hot rolling process of steel sections (Fig. 2.35). They 
pointed out that the selection of the appropriate work rolls for a certain application 
depends strongly on the wear mechanisms experienced by the rolls. These mechanisms 
are normally associated with the mechanical and environmental interactions found in a 
particularly rolling process, being abrasion, thermal fatigue and corrosion attack the 
principal causes for the rapid reduction in active life of work rolls. They also commented 
that oxide formation on the surface of work roll has a protective character, its properties 
established depending on the temperature reached by the rolls at their surface. They 
proposed that the formation of a black adherent magnetite (Fe304) oxide layer is a 
common feature in the oxidation of cast steel rolls at temperatures above 4000C and this 
layer is responsible for the reduction of friction as well as the wear of work roll M the 
process. 
The interaction of the work roll surface with the oxides formed on the surface of 
the stock also plays an important role in decreasing the active life of the roll. Depending 
on the temperature of the stock, WiIstite, magnetite and hematite will coexist In different 
proportions having hardness values of 300,450 and 1050 HV respectively. Hematite, as 
Spuzic et A (1994) mentioned, is the principal source of abrasion of rolls followed in 
order by magnetite, both responsible of third body abrasion wear mechanisms as they 
form hard quasi-spherical particles. These two oxides affect greatly the surface of the roll 
contrary to Wiistite, which is protective in nature and considered to have lubricious 
properties. 
Choi and Kim (1999) analysed the wear mechanisms present in high nickel grain 
work rolls using a high temperature disc on disc wear configuration, where a disc of this 
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material was brought into contact against a counter face of low carbon steel heated up to 
850'C. By means of observations in the scanning electron microscope, they found that 
the degradation process of the roll surface started with the formation of a black oxide 
layer created due to the high temperature reached at the surface of the roll. The process 
continued and cracks resulting from thermal fatigue appeared on the surface of the roll 
disc causing the failure of the oxide layer and leaving exposed carbides on the surface. 
These carbides were responsible for picking oxide up from the counter disc at every 
revolution of roll disc increasing the thickness of the layer formed on the rolls. Choi and 
Kim concluded that the wear of the roll surface is entirely dependent on the formation of 
the protective black oxide layer and the sticking phenomenon developed by the carbides. 
Colds et aL (1999) studied the surface of high chromium work rolls used in the 
finishing stands of a rolling mill in order to analyze the mechanisms that stimulated their 
deterioration during normal operational conditions. Samples of two different work rolls 
subjected to different rolling conditions and which failed at some stage during the 
processing of a rolling schedule were prepared for observation and analysed using 
scanning electron microscopy and X-ray diffraction. It was found that cracks nucleated 
on the surface of the roll due to thermal stresses resulting from heating and cooling 
practices and propagated in the radial direction of the roll through the net of the primary 
carbides existent in the microstructure of the material. These cracks also enhanced the 
subsurface oxidation process of the work roll material by the development of internal 
oxidation zones containing mainly hematite and some traces of magnetite (Fig. 2.36). 
These oxides increased the wear processes in work rolls, when different cracks coincided 
and surrounded good non oxidized roll zones causing their further spallation (Fig. 2.37). 
Li et aL (2002) recreated the mechanical and thermal conditions found in a hot 
strip mill in order to investigate the wear evolution of high speed steel work rolls under 
the action of different loads and slippage ratios using a disc on disc configuration rig. 
They found that increments in the wear rate experienced by the steel coincided with 
increments in the values of load and slippage ratio. After analysis of the surface evolution 
of the roll materials after different cycles, they concluded that the loads applied are more 
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important because they determine the wear mechanisms that account for the deterioration 
of the roll surface, although these mechanisms were not clearly explained. It was also 
pointed out by Li et aL that the wear rate of the steel had minimum values during the 
early stages of the test due to the formation of a protective thin black layer of oXide on 
the surface of the rolls. 
Hanlon and Rainforth (2003) studied the differences in the wear behaviour of 
conventionally cast and spray formed high speed steels using a rolling-slidmg disc on 
disc configuration rig at different temperatures ranging between room temperature and 
650 'C. The wear rate of the discs was higher in the conventionally cast material due to 
softening at temperatures above 300'C for conventionally cast, in contrast to the spray 
formed steel where a good resistance was offered by its fine microstructure. The wear 
mechanisms observed for both materials were a combination of subsurface preferential 
oxidation nucleated at the carbide-matrix interface and extended along grain boundaries, 
as well as the propagation of cracks nucleated in carbides due to the Hertzian stresses 
generated in the experimental conditions (Fig. 2.38). 
Pellizzari et al. (2005) analysed the wear mechanisms of work rolls using a high 
temperature disc on disc rig in which a low carbon disc simulating the stock at high 
temperature was brought into contact with a disc which simulated the roll, in conditions 
of no lubrication between the components. The materials for the manufacture of the roll 
disc components of the rig were high-speed steel and a high chromium iron. 
Examination of roll discs after the wear tests revealed that the main wear 
mechanism of the work roll disc was abrasion attributed to tile oxide scale formed on the 
disc that simulated the stock. Two characteristics zones were easily distinguished on the 
surface of the roll discs, judging by the amount of scratches present on the surface and by 
energy dispersive analysis EDX carried out in these distinctive zones. It was found that in 
the zones where fewer scratches were present, a hard oxide scale protected the surface of 
the roll disc. This layer was believed to have a positive influence on the wear rate of the 
samples by reducing its value, its formation attributed to the preferential oxidation of the 
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martensitic matrix the extent of which was less for high speed steels than for cast irons 
(Fig. 2.39). 
Milan et al. (2005) evaluated the ffiction and wear of high speed steel and white 
cast irons by means of reciprocating wear tests conducted at different temperatures, 
choosing this test mode based on the premise that it could recreate the mechanical 
stresses found at the work roll-stock interface. For both materials, they found that the 
friction coefficient had high values at low temperatures and at the early stages of the test 
followed by a stabilisation period prolonged to the end of the test. The value of the 
friction coefficient decreased as the testing temperature increased (Fig. 2.40), and the 
samples exposed to high temperature showed mass gain rather than mass losses certainly 
due to oxide formation. 
It was also found that the friction coefficient increased as the value of the normal 
load increased, phenomenon attributed to the increase of the contact area, and again, all 
the samples tested under this condition showed mass gain rather than mass lost. This 
phenomenon was justified based on the fitct that increments to the value of the load 
increased the volume of the protective layer formed during the process, although no 
explanation about the physical meaning of this mechanism was given. 
Experiments using pre-oxidized samples in air at 200,400 and 600 'C revealed 
that the existent oxide layer did not influence the value of the friction coefficient nor the 
wear rate. The dominant wear mechanism identified by examination of the samples was 
abrasion, maybe by the combination of hard oxide particles and the carbides detached 
from the matrix both mechanically mixed at some point during the tests. Milan et aL 
(2005) commented that the protective layer formed at the interface could be formed of 
oxidized metallic debris spalled from the roll materials, layer that was sintered and 
compacted during the process. 
In an attempt to clarify the effects of oxides formed on the surface of the roll and 
the stock in the hot rolling process of steel, Vergne et A (2006) carried out high 
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temperature tests on a pin on disc configuration rig using alloyed white cast iron as pin 
material faced against a disc made of mild steel, under various loads and speeds. The alm 
of the tests was to identify the mechanisms that caused the variation of the friction 
coefficient at specific stages during the sliding tests (Fig. 2.41) and relate them to the 
oxide formation on the surface of the work roll material, in order to provide a more 
accurate knowledge of friction and the wear mechanisms of work rolls during rolling. 
Based on electron microscopy observations and microanalyses using EDX, they 
explained the friction behaviour in the following manner. The initial increment M the 
friction coefficient was due to the increase in the value of the shear force needed to break 
the junctions formed when the pin entered into contact with the oxide layer (Fig. 2.41 and 
2.42). The second stage, in which a reduction in the values of friction was observed, was 
due to the formation of a lubricant oxide layer on the surface of work roll material that 
included oxides from the matrix and oxides produced by the oxidation of MC nioblum 
rich carbides. And finally, the increase in the value of friction shown in stage three was 
attributed to the failure of the oxide layer and wear debris generation responsible of 
increasing the superficial area. As the contact area increased, more junctions where 
created subsequently increasing the value of shear stress needed to break the new 
junctions formed. 
While studying the effect of carbide size and distribution of high speed steel, 
Rodenburg and Rainforth (2007) agreed with previous studies done by Vardavoulias 
(1994) and proposed that the critical oxide thickness formed on the surface the high speed 
steel as well as the size of the carbides are the main factors that influence the resistance of 
steel against wear. They concluded that the high wear rates experienced 
by the steels at 
high temperatures obeyed to a relatively rapid oxidation of the carbide matrix interface as 
well as the static oxidation of MC vanadium rich carbides. 
it can be summarized from the information presented in this literature survey, that 
there is a limited knowledge on the effects of the composition of the oxidant atmosphere 
on the oxidation rate and the microstructure of the oxide layer that grows on the surface 
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of high speed steel work rolls. It can be also identified that influence of the composition 
of the atmosphere present in a hot strip mill on the values of tribological variables that 
have a direct impact on the active life of high speed steel work rolls, like the wear rate 
and the friction coefficient has not been studied extensively. The study of these points 
represents the main objective of this investigation and accordingly, the experimental 
procedure designed for the analysis of these features and the results obtained from it are 
reviewed and discussed in the next chapters of this work. 
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Chapter 3 
Experimental work 
3.1 Introduction 
In this chapter the experimental work developed to achieve the objectives stated 
in Chapter I is reviewed. This includes all the experimental Information on the facilities 
that were created and used in order to study the isothermal and cyclic growth of oxides on 
the surface of the material and also describes the modifications that were made to other 
experimental facilities to fulfil the requirements of this investigation. The way in which 
the experiments were realized is reviewed. 
3.2 Material of study 
A work roll grade high speed steel whose composition is shown in Table 7 was 
selected as the material to be used in all the experiments. The material was in the form of 
roll discs specially created by Sheffield Forgemasters as test samples for earlier roll 
projects that involved the creation of a special ng designed to study features associated 
with the wear and thermal fatigue of the work rolls used in the stands of hot strip mills 
(Goodchild, 2001 and Mercado, 2003 respectively). The material was therefore as close 
to real roll material as is possible, without sectioning a full sized roll. 
3.3 Microstructural characterization 
insufficient information on the metallurgy and the components of the high speed 
steel was available from the previous works, and therefore a comprehensive 
characterization of its microstructure was undertaken. 
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The roll discs selected for the manufacture of the test pieces were cut by spark erosion as 
they were too hard and large for conventional cutting methods. 1.5 cm cube shaped 
samples were produced by this technique directly from the discs. Metallographic analysis 
of the samples was carried out in the normal fashion by grinding one face of the 
specimens using various passes of abrasive silicon carbide (SiQ paper followed by a 
final hand polishing using diamond paste of 6 and I [tm on hard and soft polishing cloths 
respectively. After the polishing procedure, the samples were etched by immersion in a 
solution of 5% Nital (5% nitric acid HN03and 95% ethylic alcohol CH3-CH2-OH) for 8 
seconds. 
Alternatively, in order to differentiate the components of the microstructure some 
samples were etched by an oxidation technique (Vandervoort, 1986) especially created 
for this material. The procedure consisted of etching the specimens with 5% Nital 
followed by induction heating to 600'C under the protection of an inert atmosphere of 
argon gas. After heating for 10 minutes, the argon flow was interrupted and replaced by 
compressed dry air injected at 500 cm'/min for 3 minutes, sufficient to stimulate the 
growth of a very thin layer of oxide whose colour depended on the microstructural phase 
the oxide layer grew on. 
A 0, 
Arter the oxidative etching, the samples were inspected using a POLYVAR 
optical microscope, with images taken digitally and analysed using the software Image 
Grabber PCI Ink. Samples were also examined by scanning electron microscopy (SEM) 
on a JEOL 6400 with energy dispersive X-rays detector (Oxford Instruments, ISIS 
software) for chemical analysis. Quantification in weight percentage of the composition 
of carbides and matrix was also carried out using an EDAX Pegasus EDX detector of a 
FEI Sirion field emission gun SEM. 
The area percentage that the carbides occupied in the microstructure of the steel 
was measured by image analysis using the software Sigma Scan Pro 5. This analysis 
consisted of taking images of the microstructure of the steel at 250X using a 
backscattered electron imaging on a CAMSCAN S2 SEM and converting them to a black 
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and white image using Corel Draw, yielding black carbides and a white matrix. The area 
that the carbides covered in the image was one of the variables given by a sub-routine in 
the Sigma Scan software, being this number divided by to the total area of the picture the 
measure of area fraction these phases occupied in the steel. 
3.4 Isothermal oxidation experiments 
The first experimental approach to this research was to study the isothermal 
growth of oxide layers formed on the surface of high speed steel under environmental 
conditions similar to those found in a hot strip mill in order to determine-. 
1) The rate of growth of the oxides and to analyze if this was dependant on 
the composition of the oxidant atmosphere. 
2) The composition of the oxide layer formed on the surface of the steel. 
3) The morphology of the oxides as well as the influence of the 
microstructure on the oxidation phenomenon of the high speed steel. 
It was considered that water vapour, present in the atmosphere of a hot strip mill, 
could have an influence on the oxidation rate of the work rolls and therefore it was 
selected as one of the main components to be present in the oxidant atmosphere of the 
tests together with air, a component that is inevitable present in a hot strip mill. 
Unfortunately, the thenno gravimetric (TG) analysers available in the department 
to study the oxidation phenomenon did not support the presence of water 
during 
oxidation experiments and, since this was fundamental to the study, TG was 
discounted. 
It was therefore necessary to design and assemble an experimental 
facility that allowed 
the introduction of water vapour as a component of the oxidant atmosphere 
in which the 
tests were to be developed. 
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3.4.1 The isothermal oxidation reactor 
The isothermal oxidation phenomenon was studied after the design and 
development of an oxidation rig. Fig. 3.1 gives a schematic representation of the reactor 
as well as showing the real installation. This installation consisted of a high temperature 
induction furnace with a mullite (3Al2O3.2SiO2) tube for the chamber in which the 
samples were heated to the desired temperature. Both extremes of the tube were sealed by 
means of glass fibre ceramic blanket placed between the end of the tube and the end caps 
that were used as the entrance and exit of the gas. 
The oxidant atmosphere comprised of a mixture of air and water vapour was 
produced when compressed air was bubbled into a laboratory flask that contained the 
water vapour generated by heating distilled water with an electric mantle. By controlling 
the temperature of the water with the heating mantle, the amount of water vapour present 
in the mixture could be regulated. Before injecting the mixture in the reaction chamber, 
the pipe that contained the gas was passed through a small induction furnace in order to 
preserve the temperature of the mixture and avoid condensation in the pipe. With this 
installation it was possible to carry out oxidation experiments under any controlled 
atmosphere up to a maximum temperature up to 1100 'C, also offering the possibility of 
introducing argon gas to create an inert atmosphere during preheating stages to avoid 
oxidation at this point, as was the routine in this research. 
Before the oxidation tests, the temperature profile of the tube furnace was 
measured and the highest temperature point within the tube was determined by mapping 
the temperature every centimetre along its length using a k-type mineral insulated 
thermocouple fitted to a PICO technology data acquisition system. As in the real tests the 
samples were heated up to the testing temperature under inert conditions, the profile of 
the furnace was obtained under the presence of argon. Fig. 3.2 represents the temperature 
profile of the oxidation reactor for two calibrations. 
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The time required for one 1.5 cm cube shaped sample of the high speed steel to be 
uniformly heated up to 6150C under inert conditions was measured using a k-type 
thermocouple inserted at the geometric centre of a sample. It was found that a time of 25 
minutes was needed for the whole sample to reach the temperature of the chamber. The 
initial and final mass of the sample was measured to prove the performance of the inert 
atmosphere to inhibit oxidation during the heating stage finding a difference of ±I mg. 
3.5 Isothermal oxidation tests 
After calibration of the oxidation reactor, the oxidation behaviour of the high 
speed steel was studied under isothermal conditions at two different temperatures under 
the action of three different environmental conditions summarized in Table 8, in order to 
achieve the objectives previously stated in Section 3.4. 
3.5.1 Sample morphology and preparation procedures 
Cube shaped samples of 1.5 cm side were machined directly from the roll discs by 
the spark erosion technique, as discussed previously. The size of the samples was chosen 
in order to analyse the oxidation phenomenon on as large volume of material as possible 
within the constraints of the uniform temperature region of the furnace. This sample size 
was certainly much larger than is used in conventional TGA experiments, which is 
important given the heterogeneities present in high speed steels. Five faces of each 
sample were ground using silicon carbide (SiQ papers of 120,240,400 and 800 grit 
while the remaining face was further ground using 1200 grit and then polished with 
diamond paste to aI um finish. This differs from the industrial practice where the work 
rolls are not polished to a mirror finish. However, the idea of this polishing procedure 
was to produce samples of a slightly rough surface finish similar to that of a new work 
roll, but also with one polished face where it would be easier to follow the oxidation 
phenomena. The samples were then cleaned using a degreasing solution in an ultrasound 
bath for three minutes, dried and etched with 5% Nital for 8 seconds. 
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3.5.2 Oxidation tests 
Before the oxidation tests, the mass of the samples was measured using a 
PRECISA 92SM precision balance having an accuracy of ±IxIO -4 g. prior to the 
introduction of the test sample into the reactor, the air inside the tube was purged with 
1200 CM3/Min of argon, maintained while the sample was introduced. The sample was 
placed on a mullite boat and pushed exactly to hottest point within the reaction chamber, 
immediately after this the tube was sealed with a fibre glass patch and an end cap and 
3 then after one minute the argon flow was reduced to 600 CM /min. This procedure was 
carried out in order to preheat (25 minutes) the sample up to the testing temperature under 
inert conditions. Two temperatures were chosen based on those reported in the literature 
(Guerrero et aL 1999, Perez et aL, 2004) to reflect the upper limit and more normal 
operation values experienced by the work rolls during industrial rolling of steel, namely 
615 and 550'C respectively. 
After 25 minutes, the argon atmosphere was replaced by the oxidant gaseous 
mixture; which was created when compressed dry air was injected into the water vapour 
generator at a rate of 600 CM3/Min in order to mix it with the water vapour produced at 85 
or 95 'C resulting in flow rates of water of 0.45 and 1.45 CM3/Min respectively. 
Each sample was exposed to the gas for a fixed time and after completion, they 
were carefully removed from the furnace and cooled down by natural convection to room 
temperature. Once cooled, the samples were weighed again to establish the mass change 
due to oxidation. The analysis of the oxidized samples was followed using a new sample 
for each test for times up to 6 hours for the various environmental conditions and 
temperatures. These tests were compared to isothermal oxidation of the material for the 
same oxidation times but using a flow of 600 cm'/min of dry air only. The oxygen partial 
pressure was calculated for each condition having values of 0.06,0.11 and 0.21 atm 
for 
environmental conditions I to 3 respectively (Table 8). 
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The oxidation kinetics curves were obtained when the mass change of the samples 
divided by their average area obtained from the faces of the cubes was plotted against the 
respective oxidation time for each sample. 
3.6 Cyclic oxidation experiments 
Cyclic oxidation experiments were performed to analyse the growth and 
behaviour of the oxide scale under the presence of thermal cycles imposed to the surface 
of the steel as result of repetitive heating and cooling cycles, trying to recreate the 
thermal cycles experienced by the work rolls in a hot strip mill. As experimental facilities 
did not exist to perform these experiments in the laboratory, an installation that would 
allow such thermal cycles had to be designed and built, as in the case of the isothermal 
experiments. 
3.6.1 High frequency cycling tests 
3.6.1.1 Cyclic oxidation reactor 
The real installation and the schematic diagram are shown in Fig. 3.3 a) and b) 
respectively. The main idea of this installation was to induce the thermal cycles by the 
simple principle of heating the sample up to 615'C and cooling it down to 25'C as 
quickly as possible, repeating the thermal cycle as many times as required. This 
installation was built using a vertical induction tube furnace with a mullite chamber M 
which the specimens were heated up to the desired temperature. The hottest zone inside 
the furnace was estimated by means of mapping the temperature distribution along the 
length of the tube using a k-type thermocouple. A mixture of 600 cm'/min dry air and 
water vapour produced at 850C was injected into the furnace using a vitreous silica 
nozzle placed at the lower end of the tube furnace that accelerated the oxidant mixture 
through the chamber. A laboratory flask full of distilled water was located at the bottom 
of the tube furnace to quench the samples. The sample was loaded in the bottom part of 
the tube furnace holding by a platinum hook fastened to a nickel-chrome alloy wire 
wound to the pulley of an DC electric step motor placed above the induction 
furnace. 
This allowed the sample to be moved reproducibly between heating and quenching. 
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3.6.1.2 Temperature calibration for the tests 
Prior to the tests, experiments to define the duration of the heating cycle aiming to 
define the time that the sample needed to remain inside the furnace to achieve 615'C on 
its surface were carried out. In order to impose a rapid heating cycle to the sample, the 
temperature of the furnace was set up to the maximum value allowed by the control of the 
furnace that was I 100'C. A k-type thermocouple connected to a data acquisition system 
was attached to a sample in a hole drilled at half the thickness of the sample at a depth of 
0.5 cm. The sample was placed in the hot zone and the temperature readings were 
followed and recorded by the data logger. A temperature of 6150C was registered by the 
thermocouple after about 46 seconds of exposure to the hot zone and after this time the 
sample was moved down to the quenching pit and cooled to the water temperature of 
25'C. 
These thermal cycles were repeated several times (Fig. 3.4 a) but the temperature 
values measured with the thermocouple represented the temperature of a point located at 
0.5cm. inside the sample and not the temperature value at surface that was presumably 
higher than the measured value. Using the measured temperature and considering the 
sample as a semi-infinite solid (Holman, 1986) the temperature on the surface after 46 
seconds was estimated by means of the equation: 
T (Xýlt) - TO ftr x 
Ti -To 2V-ctt 
(3.1) 
where T(xt) is the temperature measured by the thermocouple at the distance x inside the 
sample measured at the time t, To is the surface temperature at the same instant and Tj is 
the initial surface temperature measured in 25'C and a the thermal diffusivity of the 
steel. Giving values to the above expression and considering an exposure time of 46 
seconds, the temperature on the surface of the steel To was 655.61C. By means of 
iterations to the time for equation 3.1 it was predicted that the sample needed an exposure 
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time of 42 seconds to reach 617.9'C on its surface. This temperature was corroborated by 
measuring the temperature of the sample prior entrance to the quenching pit using an 
optical pyrometer for different retention times, inside the furnace and finding a good 
agreement between the predicted and measured values as shown in Fig. 3.4 b). 
3.6.1.3 Cyclic oxidation tests 
Square shape high speed steel samples of 1.5 x 1.5 x 0.5 cm were used as the test 
piece for the cyclic oxidation tests. Prior to the tests, the surface of the samples was 
prepared following the same procedure as for the isothermal oxidation tests except that in 
this case the two faces of the square were polished to a1 ýtm diamond finish, while the 
remaining four lateral faces were finished using 800 grit SiC paper. After preparation, the 
Vickers micro and macro hardness values of the samples were also measured using loads 
of 0.5 kg and 2.5 kg respectively. 
Followlng the thermal calibration, the thermal cycle chosen was 38 seconds in the 
hot zone and a5 seconds quench. While this is not representative of the real industrial 
situation where the temperature rise and fall occurs during a single roll rotation, it was the 
most rapid cycle that could be achieved with the designed experimental system. 
The difference between the initial and final mass of the sample, measured at the 
beginning and at the end of the each test using a precision balance was used to follow the 
oxidation kinetics for samples exposed for between 20 and 300 cycles, which represented 
- 6.5 hours testing. A new sample was used for each test. 
3.6.2 Low frequency cycling tests 
in order to study the mechanical behaviour of thick oxide scales formed on the 
surface of high speed steel under the action of thermal stresses, a low frequency cyclic 
test procedure was introduced. The testing principle was the same as for the 
high 
frequency testing; but in this case using the same rig as in the static oxidation tests and 
considering a heating phase of I hour followed by the same quenching cycle into 
distilled 
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water (Fig. 3.5). All the experiments used an oxidant atmosphere created by mixing a flow 
600 cm'/min of dry with water vapour created at 85'C. 
The specimens were prepared using the same metallographic procedure as In the 
case of the high frequency cycles before their introduction to the chamber. A small 
platinum ring was fitted to the hole drilled across the specimens in order to facilitate their 
handling during the cooling stage and avoid touching the sample. Before the tests, the 
mass of each specimen was weighed with a precision balance and recorded. After this, 
the specimen was soaked in distilled water, placed on a mullite boat and placed in the 
hottest zone inside the reaction chamber. The tests were caff led out without the presence 
of a preheating stage under a protective inert atmosphere. The tube was sealed after 
introduction of the sample to the chamber and after I hour the sample was removed from 
the chamber, quenched in distilled water for 5 seconds, and placed back into the chamber, 
repeating this cycle on the samples as many times as required. A number of cycles 
comprised between 2 and 40 cycles were imposed to different steel samples up to 25 
cycles; from this point the variation in mass was followed for the same sample at every 5 
cycles until 40 were obtained. The difference in mass due to oxidation was used to follow 
the oxidation kinetics of the samples. Tests at temperatures of 6151C and 550'C were 
studied under this condition. 
3.7 Growth of the oxide under contact, load and motion conditions 
Clearly oxide scales that grow in real rolling mill applications grow under a 
combination of static and loaded contact conditions. Following the static and cyclic 
oxidations tests, further tests were undertaken to Mvestigate the effect of a load and 
sliding motion conditions in order to study: 
a) The growth characteristics and mechanical behaviour of the oxide layer on the 
surface of a work roll. 
b) The wear mechanism of work rolls associated to the formation of an oxide layer. 
c) The interaction of the oXide layer with a counter body. 
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3.7.1 General testing conditions and methodology 
Because it was extremely difficult to study the growth characteristics and 
behaviour of the oxide layer formed on the surface of work rolls directly in the real 
process, the development of a physical model that included most of the elements 
representative to this process and that are involved in the generation of the oxide layer 
was required. Wear tests using a disc on disc configuration have been developed along 
the years in order to analyze features associated with the wear of work rolls under 
conditions found in hot strip mill and therefore a similar configuration was selected in 
this investigation to achieve the objectives established in the former section. 
A Cameron-Plint multi purpose wear test machine was used to perform wear tests 
using a disc on disc configuration in rolling-sliding mode. The schematic representation 
of the rig is shown in Fig. 3.6. The discs had 6 cm. external diameter, and the test load was 
applied to the upper disc via a cantilever arrangement. Both shafts were driven by the 
1.5kW DC motor that provided a maximum angular speed co of 600 rpm. The lower disc 
was driven directly, while the upper disc was driven via a gear that allowed control of the 
relative slip between upper and lower discs. The friction coefficient was measured and 
recorded by a transducer located in the shaft that holds the upper disc, by measuring the 
lateral force of the system. 
A 1.5 kW induction coil was also integrated into the rig to heat the lower disc by 
1E) IC 
-r-. -F 
heating. A maximum temperature of 6800C could be reached in the high speed steel 
discs when the voltage of induction in the coil was set to 1.1 W. The temperature on the 
surface of the disc was measured by means of a Rytek LT infrared optical pyrometer 
connected to a data acquisition system that compares the value of the aimed temperature 
entered in the software that controls the rig against the instantaneous reading taken by the 
pyrometer, providing a feedback loop to give dynamic temperature control. The precision 
of temperature control was ±1 5'C. 
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3.7.2 Materials and manufacture of the discs 
The material for the manufacture of the lower test disc was the same high speed 
steel used in the isothermal and cyclic oxidation tests while the materials chosen for the 
manufacture of the counter body was a conventional M2 high speed steel. Due to the high 
hardness of the disc and the relative complexity of its shape, the work roll grade high 
speed steel test pieces were cut directly from a real work roll by the spark erosion 
technique in order to produce the final shape (Appendix 1) followed by a final grinding 
operation in order to remove the rough finish produced during the spark erosion process. 
Care was taken that the contact track of the all the test discs was ground using the same 
machining parameters. The test disc was chosen to have a flat contacting profile across its 
thickness in order to give a desired contact pressure when in contact with the counter 
disc. 
The counter face discs were produced directly from a NU high speed steel 
commercial bar, cutting and machining the discs to the final shape, followed by a heat 
treatment operation to obtain a hardness of 800 I-IV and finally grinded to remove the 
oxides product of the heat treatment operations. As these discs were bought from stock, a 
detailed explanation on their manufacture process is not offered here but if needed, is 
available in Rodenburg and Rainforth (2007). These discs were designed having a 
crowned profile across the disc thickness, as indicated in the diagram shown in Appendix 
1, to define the contact position and to make Hertzian contact stress calculations more 
straight forward. 
3.7.3 Testing procedure 
The growth of the oxide layer was studied for the rolling sliding tests at 400,500 
and 600'C and two different environmental conditions namely dry air and water vapour. 
The ideal would have been to use true wet conditions, i. e. copious water applied directly 
to test disc, but this was obviously dangerous given the proximity of the induction coil. 
Therefore, water was applied drop-wise to the surface at the opposite side to the induction 
coil and had evaporated before rotation to the induction coil. In addition, water vapour 
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was also directed onto the test disc (Fig. 3.7). A flow of 600 CM3/Min of dry air was mixed 
with water vapour at 85'C and applied directly to the surface of the test disc using a 
vitreous silica nozzle located close to the wear track of the lower test disc. The 
condensation of water vapour in the line of the nozzle acted as another source of water 
for the system. The kinetic energy of the mixture accelerated condensation water through 
the pipe establishing a stream at the exit of the nozzle that impacted the surface of the 
lower disc approximately at every minute during the tests, simulating the cooling water 
applied to a work roll in a real practice. 
For the dry conditions the air was applied directly to the surface of the test disc 
through a vitreous silica nozzle at a flow rate of 600 CM3/Min. 
Before all the tests, test discs and counter faces were washed with a solution of 
neutral detergent, dried with alcohol and cleaned with acetone in an ultrasound bath for 3 
minutes. Immediately afterwards, the initial roughness of a pair of discs was measured by 
means of Surtronic 3+ stylus profilometer using a height resolution of 10 Pm for an 
analysis distance 2.5 mm of across the wear track of the disc. The roughness 
measurements were taken using the software Taly profile levelling the first roughness 
profile taken and applying a Gaussian filter with a value of 0.8. Representative roughness 
profiles taken after the tests are shown in Appendix 2. 
After the roughness analysis, Vickers macro hardness measurements were taken 
from the discs using a load of 30 kgf load for 15 seconds, these measurements were also 
taken at the end of a complete test. The mass of each disc was measured using a precision 
balance with and accuracy of ±I mg. 
The operational conditions for the rig were selected to be as close as possible to 
the contact conditions found in a hot strip mill. A load of 2.5 kg was applied to the upper 
M2 disc to produce an initial contact pressure of 694 NPa calculated using the Hertzain 
theory of elastic contact applied to the case of an elliptical point contact (Appendix 3). 
This geometry best describes the contact between the flat lower disc and crowned upper 
disc profiles. The angular speed of the disc for all the test conditions was set to 250 rpm 
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in the motor giving a lineal speed of 0.8 m/s, a value close to that experienced by real 
work rolls in the first finishing stand in hot strip mills. A slippage of 5% was selected for 
all the test conditions. This is slightly higher than normal operation in a hot strip mill 
(although values vary from plant to plant and stand to stand), but is below the upper 
limits that are experienced. 
At the beginning of the tests, the motor was set up to a low speed at the time that 
the induction coil was turned on, to allow rapid heating of the test disc. The temperature 
readings given by the optical pyrometer fixed to the rig were compared with readings 
taken with a portable optical pyrometer in which a value of emissivity for oxidized steel 
of 0.74 was selected to take into account the change of the steel emissivity as result of 
oxidation in order to have certainty in the temperature values. Once the test disc reached 
the test temperature the upper disc was brought into contact and the load applied to the 
system at the same time that the gaseous mixture and water droplets or dry air were 
applied to the surfiLce of the test disc for humid or dry conditions respectively. The 
temperature readings as well as the evolution of the ffiction coefficient were recorded 
along the test using the control of the rig at a rate of 2 Hertz. 
The duration of the test was 6 hours running continuously to complete a sliding 
distance of about 21 kin. At the end of the tests the load was removed and the upper disc 
lifted up to allow the test disc to cool down using the gaseous mixture or dry air under 
conditions of no contact. The test disc was removed from the rig and weighed 
immediately, followed by roughness measurements across the wear track to evaluate the 
change of the surface topography as the test was developed. After this procedure, the test 
disc was placed back in position and the test continued under the same conditions of the 
former test. This procedure was repeated for each disc over five consecutive days to give 
a total test time 30 hours. 
The dimensional wear coefficient K was calculated from the data measured along 
the rolling-sliding test using the relationship: 
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V 
SP 
(3.2) 
where V is the volume of material removed in mm' calculated using the mass change, S is 
the instantaneous sliding distance in meters and P is the applied load in Newtons 
(Hutchings, 1992). 
3.8 Characterization techniques 
3.8.1 X-ray diffraction 
To identif y the oxide phases formed during the isothermal and cyclic tests, X-ray 
diffraction analysis was carried out in a Philips PW 1730 diffractometer using cobalt (Co) 
Ku. as radiation source, produced at 40kV and 30mA- High definition analyses were run 
to analyze the oxide layer that grew on the polished face of samples selected from 
specific positions in the oxidation kinetic plots scanning with diffraction angles 20 from 
20 to 800, at a rate 0.10 20/min, yielding -12 h scans. The possible oxide phases relative 
to each diffraction peak were compared with the data contained in the JPDS diffraction 
cards generated by the ICDD (International Centre for Diffraction Data) via the software 
STOE Win XPOW. 
Additionally, the wear debris produced during the sliding tests was collected and 
prepared for inspection as a powder on a STOE PSD X-ray transmission dlffractOmeter 
with molybdenum Kcc as radiation source, produced at 50 kV and 30 mA. The powder 
was pasted on a transparent film using a special adhesive and then fitted to the 
diffractometer in order to perform high definition scans comprising 20 angles from 5 to 
400 scanned at a rate of 0.48 020/min. The reflections detected during the scans were 
analyzed by the same method as in the case of the previous analysis. 
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3.8.2 Cross sectioning of the specimens after the tests 
Samples selected at specific stages in the isothermal and cyclic test as well as at 
the end of the sliding tests were sectioned in all cases using a cubic boron nitride (CBN) 
wheel (specially designed for cutting operations of high speed and tool steels) in a Struers 
Accutom-5 precision cutting machine. Overheating was avoided by setting the angular 
speed of the wheel to 1500 rpm, a sample feed rate 0.025 mm/sec, medium pushing force 
and copious quantities of coolant, which gave no evidence of heating. After cutting, the 
samples were mounted in conductive bakelite, ground and polished by standard 
metallographic procedures and etched in 2% Nital. 
in the case of the samples oxidized isothermally metallographic preparation of 
oxides inevitably leads to damage of the friable oxide, thereby not reproducing the oxide 
structure with absolute accuracy. Therefore, in an attempt to obtain a more accurate view 
of the true oxide structure, fracture surfaces of the oxidized steel were prepared. Coupons 
of 0.75 x 0.75 x 1.5 cm were cut from the steel cubes, prepared following the same 
metallographic procedure and then oxidized under exactly the same conditions 
experienced in the isothermal oxidation test. Prior to the oxidation of the specimens, a 
notch was cut through half the sample towards the polished face leaving a gap of 1.5 mm 
between the inspection surface and the end of the notch (Fig. 3.8). After the oxidation test, 
the sample was immersed in nitrogen for 3 minutes to induce a transition to a brittle state 
and was broken thereafter using an impact load. 
3.8.3 Surface and cross section characterization using SEM 
The characteristic zones and features found on the surface of the cube shaped 
samples, cross sections, fractures surfaces and test discs were studied on the SEM 
(JEOL 
6400 and FEI Sirion field emission gun) using the secondary and backscattered electrons 
detectors as well as energy dispersive x-rays (EDX) for chemical analysis. For the 
inspection of the test surfaces and fractures, the specimens were mounted on an 
aluminium holder using conductive silver paint as an adhesive and coated with a thin 
film 
of evaporated carbon. In the case of the mounted cross sections, the samples were only 
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dyed with silver paint to facilitate the dissipation of the charge. Values of acceleration 
voltage of 15 or 20 KV were used as standard during the analysis having a working 
distance between the lens and the specimen of 5 mm. 
56 
Chapter 4 Results 
Chapter 4 
Results 
4.1 Microstructure of the steel 
Following the oxidation etch, the carbides in the microstructure were coloured 
according to the effect that oxidation had on them (Fig. 4.1). The most abundant carbide 
phase M the steel developed a red violet colour, the second most abundant was white and 
the least abundant was coloured in dark blue. 
Fig. 4.2 shows a backscattered electrons image of the microstructure, where the 
most abundant carbide appears in black, the second in dark grey and the third in white. 
The EDX analysis of these zones (Fig. 4.3) revealed that the black carbides contained 
vanadium, chromium and iron, characteristic elements found in MC type carbides. 
Fig. 4.3 b) gives the analysis of the carbides in dark grey revealing traces of chromium 
and iron, elements present inM7C3 carbides. Fig 4.3 c) shows a substantial amount of 
molybdenum and chromium, elements normally present in KC type carbides. Fig. 4.3 d) 
shows the analysis of the matrix. The amount of each element in the carbides expressed 
in weight percent is presented in Table 10. Carbides covered and area of 11.07 ±2.5% III 
the microstructure. 
4.2 Isothermal oxidation tests 
Figs. 4.4 and 4.5 show the oxidation kinetics curves obtained for both test 
temperatures. At both temperatures under condition I (dry air + vapour at 95'C) the mass 
gain was initially rapid, followed by a reduction with increase in oxidation time, 
following a logarithmic relationship. A transition from logarithmic to a linear relationship 
was observed at around 10,000s for the tests at 615'C under condition 1. 
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The tests developed under condition 2 (dry air + vapour at 85'C) followed a 
parabolic relationship at both temperatures. The mass gain during the early oxidation 
times was less than the mass of the samples tested under condition 1, but after an 
oxidation time of about 7500s the mass gain was greater than condition 1. The oxidation 
kinetics of the experiments under condition 3 followed a logarithmic relationship at both 
test temperatures, with the mass gain notably less than that in the other two cases. 
The oxidation kinetics curves were corroborated in a similar manner to the 
method suggested by Kofstad (1986), namely a plot of Ax vs log(t) to verify logarithmic 
behaviour and Ax2vs log(t) for parabolic behaviour. The results from this analysis from 
the curves at 615'C are shown in Fig. 4.6, where Fig. 4.6 a) and b) demonstrate the 
logarithmic and linear stages of condition 1, Fig 4.6 c) the parabolic relation for condition 
2 and, Fig. 4.6 d) shows the logarithmic behaviour for condition 3. In the same way, 
Fig. 4.7 a) to c) show the trends for the test carried out in conditions 1 to 3 at 5500C. A 
good linear fit was found in most cases using confidence intervals of 95%. The oxidation 
rate constants (obtained from the slope of these graphs) are summarized in Table 9. The 
logarithm of the oxidation constants were plotted against the inverse of the absolute 
temperature (Fig. 4.8). While there is significant error associated with only using two data 
points, the slope of these plots gives an estimate of the apparent activation energy Q for 
each environmental condition. The behaviour of the activation energy with respect to the 
partial pressure of oxygen of each condition is shown in Fig. 4.9. 
4.2.1 Surface phenomena present in the steel 
For all the environmental conditions and temperatures, the oxidation of the steel 
started with the development "coral" like oxide structures, as shown in Fig. 4.10 a) but as 
the oxidation time proceeded (600s), this structure changed and adopted the shape of 
distinct oxide crystals (Fig. 4.10 b). These oxide crystals could be related to the presence 
of magnetite and were always found in the steel surface as dark areas. From these 
crystals, fine oxide whiskers and platelets of hematite grew as it is shown in Fig. 
4.10 c) 
after -900s, which was the dominant oxide phase morphology 
for longer oxidation times. 
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The evolution of the oxide morphology on the samples exposed to the three 
conditions was compared for similar time intervals. Fig. 4.11 a) and b) show the surface 
of the samples oxidized under condition I at 615'C for 10 minutes and 3 hours 
respectively. After 10 minutes, the matrix was completely covered by a uniform layer of 
hematite platelets, but the carbides were free from oxide. However, after 3 hours 
oxidation of the carbides was also apparent. 
Samples analyzed for the same time intervals under condition 2 showed a 
different behaviour. After 10 minutes (Fig. 4.12) it was possible to appreciate 
considerable amounts of zones containing magnetite crystals, whose growth was 
presumably slow and even after 3 hours the carbides were not completely covered by the 
oxide layer as it was the case in condition 1. The analysis of the samples exposed to 
condition 3 after 10 minutes and 3 hours shown in Fig. 4.13 a) and b) respectively, 
revealed a substantial amount of areas containing magnetite crystals present at both time 
intervals that suggested that the oxidation process under this environmental condition was 
quite slow. 
The surface of the samples oxidized at 550'C exhibited similar features. The 
sample exposed for 10 minutes to condition I was covered by the uniform light grey 
layer of hematite platelets as shown in Fig. 4.14 a), but there was no oxidation of the 
carbides. The carbides were covered by the lateral expansion of the oxide layer after 4 
hours (Fig. 4.14 b). After 15 minutes and 4 hours exposure to condition 2 the sample 
presented the same features as in the case of the sample in condition 1, the surface aspect 
was the same and areas with magnetite crystals were not identified (Fig. 4.15 a and b). 
The samples oxidized under condition 3 exhibited a similar amount of zones containing 
magnetite after 15 minutes and 4 hours respectively (Fig 4.16 a and b), indicating that the 
oxidation phenomenon occurred slowly under this condition. 
In the tests developed at 615*C under conditions I and 2, MC andM7C3 carbides 
were not oxidized although oxygen dissolved in, or on the surface of the carbide, was 
detected in the EDX patterns (Fig. 4.17). In contrast, oxidation of carbides was present in 
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the samples exposed to condition 3 but only for MC carbides as suggested in Fig. 4.18 
where considerable amounts of vanadium, iron and oxygen were detected. M7C3carbides 
did not show significant oxidation (Fig. 4.19) although oxygen was dissolved in them as 
in the previous conditions. 
The same behaviour was observed for the samples tested at 5501C, where MC and 
M7C3were not oxidized under the presence of water vapour, as indicated in Fig. 4.20 for 
condition 1, and Fig 4.21 and Fig. 4.22 for condition 2 showing the MC andM7C3 
carbides. The samples oxidized under condition 3 showed the formation of oxide 
structures on the surface of MC vanadium rich carbides as indicated in Fig. 4.23 a) while 
M7C3carbides, only contained oxygen dissolved within them (Fig. 4.23 b). 
As noted before, throughout these experiments the oxide layer grew on the steel 
developing different morphologies that could have an influence on the oxidation kinetics 
of the steel. During the early oxidation stages Mi atmospheres containing water vapour, 
zones with markedly different oxide morphology were identified. This is shown in 
Fig. 4.24 where the growth of hematite platelets from iron oxide crystals that contained 
vanadium and chromium is visible. This oxide structure was formed during the early 
oxidation stages, but homogeneity in the whole surface oxide structure was reached after 
2 hours (Fig. 4.25). After 3 hours oxidation, the hematite platelets adopted a structure 
similar to maple tree leaves shown in Fig. 4.26, with a denser arrangement of oxides. 
Under dry conditions for both temperatures, the oxide that grew on the surface of 
the steel adopted only two different morphologies. These included fine whiskers rich in 
iron and vanadium together with hematite platelets containing only iron (Fig. 4.27). 
Whiskers as those shown in Fig 4.28 were easily found after I hour under this condition 
and significant changes to the oxide structures found on the surface of the steel were not 
present as the oxidation time increased. 
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4.2.2 Phase identification by X-ray diffraction 
The analysis of the steel samples at different stages In the oxidation kinetics plots 
effectively revealed peaks that indicated the presence of magnetite Fe304 and hematite 
Fe203- Peaks indicating the presence of wustite FeO were not detected under any 
condition. The intensity of the peaks relative to the abundance of one or another phase 
depended on the oxidation time and the oxidant atmosphere. Fig. 4.29 a) and b) give the 
patterns obtained after 15 minutes and 3 hours respectively for oxidation at 615'C under 
condition 1. During the early oxidation stages magnetite was present with more intensity 
than hematite and it is also possible to identify peaks indicating the presence of 
martensite. As the oxidation time increased hematite was detected with more intensity 
than magnetite and peaks related to the matrix were not observed. 
A similar behaviour was found during the analysis of samples after 15 minutes 
and 2 hours oxidation under condition 2 at the same temperature (Fig. 4.30 a and b) but 
the peaks relative to martensite remained present even after 2 hours. 
Under condition 3 (Fig. 4.31 a and b), martensite peaks together with reflections 
that indicated the presence Of M7C3 and MC carbides were detected after 15 minutes 
oxidation, with few evidence of iron oxides. After 3 hours oxidation, oxide peaks of 
hematite and magnetite were observed, while the martensite peaks were still present, 
although with less intensity compared with the sample oxidized for 15 minutes. In 
addition, peaks that indicate the existence of a vanadium oxide VO were also detected. 
The samples oxidized at 5500C under the three conditions presented similar 
results. Fig. 4.32 a) and b) show the diffraction traces of the samples oxidized for 15 
minutes and 6 hours under condition 1. These revealed peaks from the matrix and 
magnetite as the most abundant phases found during the early oxidation stages. After 6 
hours the intensity of the martensite peaks diminished considerably and hematite became 
the most abundant phase detected. 
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The samples analyzed for condition 2 after 15 minutes and 2 hours (Fig. 4.33 a and 
b respectively) presented similar reflections as the samples analyzed under condition 1. 
The difference was that the martensite peaks were not detected under this condition, 
contrary to what happened to the sample analyzed under condition I for 6 hours in which 
martensite peaks were detected even after this long exposure time. The sample after 10 
minutes under condition 3 (Fig. 4.34 a) revealed hematite as the main oxide detected as 
well as reflections of MC carbides and martensite. After 4 hours (Fig. 4.34 b), vanadium 
oxide was detected as the most intense reflection together with hematite and magnetite 
reflections. 
4.2.3 Cross sectioning of the oxide layer 
The cross sectioning of the oxide layer was successful despite the brittle nature of 
the oxide. Fig. 4.35 a) and b) show cross sections after 15 minutes and 2 hours exposure 
to condition I at 615'C respectively. In the first case, the oxide looks as a compact layer 
with good adherence to the substrate; and it is also possible to note zones in the steel 
substrate where the oxidation process occurred internally. The sample after 2 hours 
shows separation of the top layer, which may have occurred during the preparation 
process, but nevertheless, this image demonstrates that the oxide layer under this 
condition comprised two single layers, an inner layer with good adherence to the 
substrate that grew by oxygen dissolution in the steel (Fig. 4.35 b) and outer layer with 
poor adherence to the layer formed next to the substrate. 
EDX dot map analysis revealed the distribution of the elements present In the 
oxides (Fig. 4.36 a and b). Three interesting features were identified from this analysis 
namely, the oxide layer formed next to the substrate shows iron deficiency but chromium 
enrichment as suggested by the intensity of the colours of each element in the respective 
dot maps. In addition, the outer layer only contains iron and oxygen and vanadium rich 
carbides were not oxidized under this condition and were covered by the oxide layer. 
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The samples oxidized at the same temperature under condition 2 presented oxide 
layers that had exactly the same characteristics as that of the oxide layers formed under 
condition I for the same oxidation times, as it is appreciated in Fig. 4.37 a) and b) and 
the EDX mapping shown in Fig. 4.38 for the sample oxidized for 2 hours. 
The cross sections of the oxide formed under condition 3 presented similar 
characteristics as in the previous cases. Fig. 4.39 b) clearly shows that the growth of the 
oxide layer formed next to the substrate implied the dissolution of oxygen in the steel. 
The difference found in this condition is that apart from the existence of the zones 
mentioned earlier, a high concentration of vanadium was found located at both the 
outermost part of the top layer and in the zone formed next to the substrate (Fig. 4.40). 
The cross sections of the samples oxidized at 550'C, presented similar 
characteristics as those obtained at 6150C, except that the samples exhibited thinner 
oxides. Fig. 4.41 a) and b) are micrographs of the oxide layer after I and 4 hours 
oxidation under condition 1. These show an oxide layer comprised of two single layers 
with poor adherence between them, and also show that the layer formed next to the 
substrate exhibited poor adherence. The X-ray dot maps of the layer after 4 hours 
(Fig. 4.42) revealed the existence of the same two zones found in the tests carried out at 
615'C and also revealed that the carbides were not oxidized under this experimental 
condition. 
Fig. 4.43 a) and b) show micrographs of the oxide layer formed under condition 2 
after 15 minutes and 4 hours respectively. A porous outer layer is apparent together with 
the fortnation the inner layer by oxygen dissolution in the steel. Once more, the X-ray dot 
mapping of the oxide (Fig. 4.44 a and b) revealed the same characteristics found 
in the 
tests at 6150C. 
The cross section of a sample oxidized after 4 hours under condition 3 was 
slightly different with respect to the features observed at 615'C. Although 
in Fig. 4.45 the 
formation of an oxide structure comprised by two single layers is suggested, in this case it 
63 
Chapter 4 Results 
was difficult to establish the limits between the iron deficient zones and the outer layer. 
MC carbides were oxidized under this condition as indicated in the map of Fig. 4.46. 
The process to obtain fracture surfaces from the oxidized samples was carried out 
without any problems. Fig. 4.47 a) shows the ftacture surface of the oxide formed after 4 
hours at 6150C under condition 1. Contrary to the suggestions given by the X-ray 
diffraction and cross sections analyses, the fracture of the oxide layer revealed the 
existence of three different microstructural components. 
A fine grained structure deficient in iron and rich in chromium (Fig. 4.48 a) was 
found next to the substrate, thought to be anM304spinel (M= Fe, Cr). Following this, a 
second component contained an arrangement of oxide crystals of a shape similar to 
parallelepiped crystals containing iron and traces of chromium and vanadium, which was 
believed to be magnetite Fe304. Finally, an arrangement of a dense and closed structure, 
similar to the roots of a tree were found containing only iron and oxygen, which was 
believed to be the outer layer of hematite Fe203- 
SiMllar structures were found for the same temperature after I hour under 
condition 2. The fined grained inner spinel and the compact outer hematite layer were 
defined clearly (Fig. 4.47 b), but the parallelepiped crystal structure was not evident, 
however, the characteristic zone (iron depleted and chromium rich) was revealed in the 
EDX analysis of the oXide layer under this condition (Fig. 4.48 b). 
Fig. 4.49 shows the microstructure of the oxide layer after 4 hours at 615'C under 
condition 3. Only two oxide structures were identified, comprising a fine grained layer 
formed next to the substrate thought to be magnetite and an outer hematite layer that had 
a shape similar to compact crystals. The X-ray dot mapping of Fig. 4.50 revealed that it 
was difficult to establish the limits between the iron depleted zone and the outer layer, but 
most interesting was that a vanadium concentration in tile outer part was revealed. 
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Fig 4.51 a) shows the microstructure of the layer obtained at 550'C after 15 
minutes under condition 1. As in the previous cases, the fine grained magnetite layer, the 
crystal shaped magnetite and the outer hematite layer were also present at this 
temperature. The characteristic zones of iron and chromium were revealed by the EDX 
analysis of the layer after 4 hours exposure to this condition (Fig. 4.51 b) shown In 
Fig. 4.52. The same oxide microstructure was obtained for 4 hours at 5500C under 
condition 2, as it is shown in the micrograph of Fig. 4.53 a) and b) and the element 
mapping of Fig. 4.54. 
Fig. 4.55 shows the microstructure of the oxide layer fonned under condition 3 
after 4 hours at 550'C that not surprisingly is similar to that found under the same 
condition at 615'C. Contrary to what was previously shown in the micrograph of the 
cross section in Fig. 4.42, the X-ray dot mapping of the elements revealed a concentration 
of vanadium located at the top of the outer oxide layer (Fig. 4.56). 
The concentration (%wt) of the chemical elements measured across the oxide 
layer after 4 hours of exposure to each oxidation condition revealed the following results. 
At 615'C for conditions 1 and 2 (Fig. 4.57 a and b), oxygen was dissolved in the substrate 
and its content increased across the oxide layer in direction to the steel substrate. For both 
conditions chromium was measured in similar amounts in the steel substrate and its 
concentration increased in the zone of the fine grained oxide structure and then reduced 
again in the zones where different oxide microstructures were present (crystal magnetite 
and the 'tree roots' hematite). The concentration of vanadium measured for both 
conditions remained constant across the thickness of the oxide with low values. 
For condition 3 (Fig. 4.57 c), oxygen behaved in the same way as in the previous 
conditions but the trend observed for the chromium concentration always decreased in a 
direction towards the outer layer. The establishment of a vanadium gradient across the 
oxide layer in the direction from the substrate to the outer part of the oxide layer was 
registered. 
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The behaviour of iron across the scale in condition I and condition 2 is In 
agreement with the features previously observed during the cross section analysis of the 
oxides and the fracture surfaces. The concentration of iron decays from the steel substrate 
to a point located in the centre of the fine grained layer, (Fig. 4.57 d), and then increased 
in the direction to the outer layer. The trend of iron in condition 3 is to increase from the 
metallic substrate in direction to the outer layer being reduced at the outermost part of the 
oxide layer where vanadium had a high concentration. 
For the tests at 550'C under condition I and 2, Fig. 4.58 a) and b) respectively, the 
trend of the oxygen content was to increase progressively from the substrate in the 
direction to the outer part of the oxide layer. A high concentration of oxygen was 
measured at this location for the samples exposed to condition I but in condition 2 the 
value of oxygen concentration was below measurable values. The trend observed for 
chromium was analogue to those previously analyzed for the same conditions at 615'C. 
The chromium concentration had a high value in the zones where magnetite was found 
and then the value decayed down to zero in the zone where hematite was present. The 
vanadium concentration remained practically constant across the scale with low values. 
The trend for oxygen under condition 3, was to increase from a high value 
measured in the substrate, in direction to the outer part of the oxide layer. The chromium 
concentration increased slightly from the substrate to the magnetite zone and then 
decayed in direction to the outer oxide layer but not down to zero, suggesting the 
presence of this element in the outer layer, as in the case of conditions I and 2. A 
vanadium gradient was established across the oxide layer but with less vanadium 
dissolved at these locations compared with the amount dissolved at 615'C. 
In the same way as at 615'C, a depletion of iron was observed for conditions I 
and 2 in the region where the spinel was formed (Fig. 4.58 d) the content increasing in 
direction to the outer oxide layer as the fine grained spMel magnetite zone was left 
behind. The behaviour of iron in condition 3 at this temperature contrasts the same 
condition at 615'C (Fig. 4.58 d). In this case the iron concentration decreased 
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progressively from the substrate in direction to the outer part of the oxide layer 
registering a partial increment in this region. 
4.3 Cyclic oxidation of the steel 
4.3.1 High frequency cycles 
Fig. 4.59 gives the mass change of the samples as a function of the number of 
thermal cycles. Two trend lines are shown, one corresponds to the bulk mass change of 
the samples measured before and after each individual test, and the other corresponds to 
the addition of the values of bulk mass changes from consecutive cycles. It can be seen 
that mass losses were present even after a few thermal cycles but as the number of cycles 
increased the behaviour was somehow stochastic, registering mass gains and losses 
between 60 and 90 thermal cycles, mass increments between 90 and 240 cycles, and mass 
losses after the development of 300 thermal cycles. 
The accumulated mass gained (red line in Fig. 4.59) was obtained from the 
addition of the mass values between consecutive cycles as if this value was measured 
only in one sample. This trend was to lose mass up to 120 thermal cycles and after this 
stage, the samples gained mass until the end of the test. The mass change registered was 
too small at this temperature and therefore; reducing the temperature to see the effect of 
this reduction on the production of oxide was discarded. 
The surface analysis revealed a thin oxide layer after 90 cycles, which limited the 
characterisation of the oxide from this and previous stages. Moreover, the oxide layer 
grew only at specific regions on the steel surface and not as a uniform layer. These 
regions of preferential growth were located at the edge of the sample that first entered 
into contact with water during the quenching stage. 
After 120 thermal cycles the samples developed a fine granulated structure on the 
surface of the steel (Fig-4.60 a and b) the EDX analysis revealing this as rich in oxygen, 
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iron and chromium, with traces of vanadium and manganese (Fig. 4.61). The change in 
the colour intensity observed in the iron map suggests that a depletion of this element 
existed in the oxide, as in the case of the depletion observed in the layer formed next to 
the substrate in the isothermal oxidation tests. 
Fig. 4.62 a) and b) show the morphology of the oxide after 240 and 300 cycles 
respectively. The oxide layer was denser compared to the fine agglomerate formed after 
120 cycles but retained its granulated nature (Fig. 4.63 b). Spallation of a MC carbide is 
also apparent (Fig. 4.63 a). Fig. 4.64 gives the EDX mapping of the oxide after 240 cycles. 
This layer was rich in oxygen and iron, the latter element in deficit judgmg by the lower 
intensity observed in the map. A considerable amount of silicon was also detected as a 
component of this layer (Fig. 4.65), which also contained iron, chromium and silicon, and 
a trace of vanadium. 
The X-ray diffraction analysis of the samples was not successful for the detection 
and analysis of the oxides. Fig. 4.66 gives the diffraction pattern obtained for the sample 
oxidized after 300 cycles where only the microstructural elements of the steel are 
identified. 
Apart from oxidation, zones that revealed plastic deformation were found on the 
surface of some samples. Fig. 4.67 shows a damaged zone that was found near the surface 
that first entered the quench water of a sample exposed to 240 thermal cycles. Plastic 
deformation resulted in distortion of the matrix as well as the formation of microcracks. 
Fracture of carbides under this condition was also evident and as the number of thermal 
cycles increased, the plastic deformation of the steel and the generation and propagation 
of micro cracks resulted in shear of large sections of the steel (Fig. 4.68). 
Cross sections revealed the propagation of micro cracks within the carbides or in 
zones near to them for samples exposed to 240 and 300 thermal cycles (Fig. 4.69 a and b 
respectively). The EDX maps (Fig. 4.70) taken from Fig. 4.69 a) revealed the presence of 
chromium, iron and vanadium suggesting a M7C3 carbide. Although oxygen 
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concentrations were not easily detected at first sight in the micrograph, the dot map of 
this element revealed a small concentration of this element dissolved in the steel and also 
denoted the propagation path of this element through the carbide structure. F19.4.71 a) 
and b) are other examples of typical failure zones found in the samples after 240 and 300 
thermal cycles, formed near to areas were carbides are present. 
Fig. 4.72 shows the results of the hardness change of the samples as a function of 
the number thermal cycles. An increment in the hardness of the samples was registered 
between 30 and 60 thermal cycles for both tests and after this stage, the hardness 
decreased in a linear fashion with the amount of cycles registering a difference of 100 
numbers between the initial and the final values of hardness. 
43.2 Low frequency cycles 
Fig. 4.73 and Fig. 4.74 show that the oxidation kinetics of the samples was 
represented by parabolic behaviours at both temperatures and as in the case of the 
isothermal oxidation tests. The difference between the tests was in the amount of mass 
gained at each temperature. 
Spallation of oxide was expected because the oxide layer under these conditions 
was subject to the action of thermal stresses. These losses were identified when the 
values of mass between consecutive cycles were subtracted assuming that this difference 
would represent the real value of mass at the cycle. Fig. 4.75 a) shows the curve resulting 
from this procedure for the data obtained at 615'C where an arrangement of maximum 
and minimums following a decreasing trend is observed. The maximums were fitted to a 
lineal relationship whose slope gave an estimate of the amount of spalled material per 
cycle (Fig. 4.75 b). The curves for the data obtained at 550'C are shown in Fig. 4.76 and 
comparison between both tests revealed that the rate of oxide spallation was higher at the 
highest temperature. 
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The X-ray diffraction patterns of the samples with 2 and 40 cycles presented 
interesting results. After 2 thermal cycles at 615'C, hematite and martensite were 
detected with more intensity than magnetite (Fig. 4.77 a). After 40 cycles, magnetite 
became the predominant phase present on the steel surface and reflections of the hematite 
and martensite were detected with low intensity (Fig. 4.77 b). At 550'C (Fig. 4.78 a and b) 
similar behaviour was found, the only difference was related to the peaks corresponding 
to martensite, present with low intensity after 2 cycles and with a high intensity after 40. 
The strong peak intensity of magnetite and the intensity reduction in hematite observed 
for both temperatures after 40 cycles suggests the preferential spallation of the latter 
phase as the thermal cycling increased. 
The surface of the samples at 615'C after 2 cycles contained elevations of the 
hematite layer forming convex zones (Fig. 4.79 a) as well as zones where hematite had 
spalled leaving quasi circular zones where magnetite was exposed (Fig. 4.79 b). Early 
stages of oxide formation were observed at the interface created between these zones 
(Fig. 4.80 a) and the EDX mapping of the oxide (Fig. 4.80 b) only revealed iron and 
oxygen as the main constituents, with a few traces of vanadium and chromium. 
The comparison between the surface states after 2 and 40 cycles at 615'C is 
shown in Fig. 4.81. After 2 cycles the surface was covered with hematite that was only 
removed in few zones where new oxide was growing rapidly. After 40 cycles, the 
proportion of the surface covered with oxide exhibiting darker contrast, which was 
believed to be magnetite, was greater, as was the extent of spalling. However, the spalled 
regions contained new oxide growth. 
The spallation of the hematite layer was evident, but the mechanisms by which 
this process occurred were not clearly defined. Fig. 4.82 a) shows a convex zone found in 
the sample after 40 thermal cycles. This zone exhibited brighter contrast than its 
surrounding regions because the oxide region had become detached and electrons would 
have escaped from below the surface as well as above, and from probable charging 
effects. The spalling had led to lifting of the oxide, presumably a result of the relief of the 
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residual stresses within the oxide layer, developed during quenching. Fig. 4.82 b) shows 
the propagation of a crack in the hematite layer, whose development could also be related 
to the existence of thermal stresses. 
The oxide layer formed below hematite also developed micro cracks (Fig. 4.83 a). 
This layer did not spall, suggesting that the cracks were mainly generated by tensile 
thermal stresses during the heating stage. The analysis of elements present in this layer 
(Fig. 4.83 b) revealed the same elements present in the oxide layer formed next to the 
substrate as in the isothermal oxidation tests. A high vanadium content was also detected 
during the analysis in a zone found next to a crack suggesting the oxidation of small MC 
carbides (Fig. 4.83 d). 
At 550'C the same failure mechanisms were observed as it is shown *in Fig. 4.84 
a) and b) for samples oxidized after 2 and 40 cycles respectively. Fig. 4.85 a) shows a 
magnification of a zone that presents the failure mechanisms where the elevation of the 
outer oxide layer is evident. Another interesting phenomenon found during the analysis 
was the spallation of complete carbides (Fig. 4.85 b). 
The amount of spalled, area as a function of the number of thermal cycles obtained 
from the surface analysis (Fig. 4.86), shows an increment in the amount of oxide 
spallation when the testing temperature and the number of cycles are increased. 
4.4 Results on the rolling contact tests of the steel discs 
4.4.1 General results 
Fig. 4.87 shows the final surface state of the discs tested in dry conditions. Under 
any environmental condition the discs were covered by a black-red oxide layer at 600 and 
5000C and by a thin black layer at 4001C. The only variation found was the sample tested 
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at 600'C in dry air where a bright glaze covered the surface of the disc as shown in 
Fig. 4.87 a). 
Fig. 4.88 gives the companson of the weight change of the samples as a function 
of the sliding distance. The mass losses were greater in dry conditions and these 
increased with the temperature. This trend was not observed for the tests that contained 
water, and in fact the greatest mass lost was obtained at the lowest testing temperature 
whilst similar amounts of mass were lost at 500 and 6000C. 
The wear coefficient K exhibited similar behaviour. Fig. 4.89 shows that the wear 
of the discs in the test that included water increased with the sliding distance, giving 
similar values at 500 and 600'C, but resulting in greater wear at 4000C after 60 kin. 
Fig. 4.90 shows that for the tests in dry air the wear of the discs increased in a linear 
fashion with the sliding distance and the values also increased with the temperature of the 
tests. Fig. 4.91 makes clear that the presence of water during the trials influenced all 
aspects of the sliding contact, in particular the wear coefficient. 
The presence of water also had an impact on the surface roughness oe Iscs, 
with the dry samples generally having rougher surfaces than the water lubricated 
surfaces. Fig. 4.92 shows the variation of the Ra parameter measured in the wear track 
with the sliding distance. The discs tested in dry air presented the most substantial 
changes in surface roughness. The Ra values increased considerable during the early 
stages of the test (about 20 kin), but at 600 and 500'C the surface Ra changed 
comparatively little, with some surfaces becoming smoother, others staying the same and 
some showing further small increases in roughness. A considerable difference was 
established between these values when compared to those at 400'C. The surface 
roughness of the discs in the tests containing water exhibited lower Ra values than those 
in dry air, giving similar values at 500 and 600'C after 20 kin being these considerably 
higher than those measured in the disc tested at 400'C. 
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The average values of friction coefficient p recorded throughout the test are 
presented in Fig. 4.93 a). High friction values (between 0.51 and 0.70) resulted from the 
test conducted with water. For these tests, friction was similar for the tests at 500 and 
600'C, but was significantly higher than the values obtained at 400'C. Notable 
differences were also found for the dry conditions that comprised values between 0.50 
and 0.62. The overall trend of the friction coefficient was to increase when increasing the 
test temperature for all the conditions (Fig. 4.93 b). 
4.4.2 Oxidation phenomena during the tests 
The surface analysis of the samples in the presence of water at 600'C revealed 
regions that appeared to exhibit oxide spallation in the zones that were not in contact with 
counter disc located near to the wear track (Fig. 4.94). 
Fig. 4.95 shows the surface topography of the discs at the end of the water 
lubricated tests. The back scattered electron images (right hand side of Fig. 4.95 show the 
distribution of oxide, which appears darker than the metallic regions). At 400'C (Fig. 4.95 
a and d) the disc contained a small area fraction of discrete oxide islands. The majority of 
the surface comprised deformed steel, with ploughed grooves of similar dimensions to 
the oxide particle size 
The extent of oxide on the worn surface increased substantially in going from 400 
to 5000C, compare Fig. 4.95 d and e, with a further increase in the size of the oxide 
islands at 6000C (Fig. 4.95 f). The extent of grooving in the metallic regions also 
increased with temperature, such that the surface was much rougher at 600 than it was at 
4000C. As with the test at 4000C, the groove width generally corresponded to the size of 
the oxide islands. 
The surfaces of the dry tests followed a similar trend to that for the water 
lubricated tests (Fig. 4.96 d to 0, except some small, but important differences. The 
amount of oxide increased with temperature. The grooving in the metal also increased 
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with temperature in a similar manner, and as with the water lubricated tests the groove 
width was around the same size as the size of the oxide islands. However, one important 
difference was seen. In the water lubricated tests, the grooved metallic matrix inbetween 
the oxide islands was largely clear of oxide (e. g. Fig. 4.95 f). In contrast, the metallic 
regions in the dry test also included oxide particles that appeared to have been 
mechanically mixed in with the metal (Figs. 4.96 e, f). Smaller amounts of oxide were 
obtained in the tests conducted in dry air (Fig. 4.96 a to f). 
4.2.2.1 Characteristic zones formed under the presence of water 
A detailed analysis of the characteristic zones formed on the surfaces of discs was 
made in order to identify features that could be related to the behaviour of tribological 
variables. Fig. 4.97 shows the typical zones found on the surface of the disc at 600'C. One 
of these zones showed oxide platelets growing inside grooves created by abrasion, and 
that contained iron and oxygen as the most significant elements present in the structure 
(Fig. 4.97 d). Fig. 4.97 c) shows higher magnification details of the second distinctive 
feature shown as a dense black oxide layer that contained cracks. The chemical 
composition of this zone showed the dominance of iron, chromium and vanadium and 
oxygen and traces of Si, V and Mo from the steel. Fig. 4.98 and Fig. 4.99 show that the 
carbides in the steel had also oxidised as suggested by the considerable amount of oxygen 
contained within the zones. High manganese content was detected in the pattern that 
corresponds to the MC carbide. 
The cross section of the disc revealed interesting features. Fig. 4.100 a) and b) are 
secondary and backscattered electrons images that show three distinctive zones, one of 
these showing a thick oxide layer covering the steel substrate that contains steel 
fragments dissolved in it (Fig. 4.100 b). The second zone shows the presence of a 
subsurface oxide layer, whilst a third zone reveals the partial oxidation of a 
MC 
vanadium rich carbide. The EDX analysis of these zones (Fig. 4.101 and Fig. 
4.102 a to e) 
confirmed that the oxide layer was comprised by a chromium rich 
inner layer formed 
next to the substrate and by an iron rich outer layer that only contained traces of 
74 
Chapter 4 Results, 
chromium and vanadium. The subsurface layer had the same characteristics of inner 
oxide layer and MC carbides were oxidized as indicated by the patterns of vanadium and 
oxygen. 
Significant changes in the surface features were not observed in the disc tested at 
500'C. Fig. 103 presents the distinctive features found in this condition and that 
effectively were not dissimilar to those previously studied at 600'C. The grooves formed 
on the steel contained the growth of new oxide platelets as well as the accumulation of 
wear debris (Fig. 4.103 b). The black oxide islands were more abundant than at 600'C and 
also presented the development of cracks on the surface (Fig. 4.103 c). Both zones 
presented similar elemental composition as revealed in the EDX area analysis shown in 
Fig. 4.103 d) and Fig. 4.103 e). 
The cross section of the disc (Fig. 4.104 a and b) showed the existence of the same 
three zones found in the previous test done at 600'C whose existence was again proven 
by the EDX analysis of this section (Fig. 4.105 and Fig. 4.106). In this case the outermost 
layer was thicker than the outer layer formed at 600*C. The oxidation of MC carbides 
was not as prominent as at 600'C, but they did become entrained in die oxide layer as 
shown in Fig. 4.104 b). The subsurface oxide formation in this test condition included the 
presence of a high vanadium concentration and the steel substrate contained a 
considerable amount of oxygen dissolved near to the inner oxide layer (Fig. 4.106 e). 
Contrary to the features observed in the previous tests, at 400'C plastic 
deformation of the surface by abrasion and ploughing was the distinctive feature found 
on the disc (Fig. 4.107). Oxide debris was accumulated in the grooves as granulated 
particles that did not protect the disc during this condition (Fig. 4.107 c). The EDX 
analysis of the deformed zones revealed these containing a considerable amount of 
dissolved oxygen. The wear debris contained the typical reflections associated with iron 
and oxygen, although chromium and vanadium also had a significant presence. 
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It was a difficult process to find a cross section of the disc that included the oxide 
layer that grew on it, even though this represented a complicated task; a zone that 
contained both elements was found showing the oxide layer as agglomerate particles of 
round shape with poor adhesion to the substrate (Fig. 4.108). The EDX analysis of the 
elements present in the oxide layer (Fig. 4.109 and 4.110 respectively) revealed that the 
oxide layer contained iron, chromium and oxygen as main components, similar 
composition as that observed for the oxide layer formed next to the substrate in the 
previous tests. 
4.2.2.2 Characteristic zones formed under dry conditions 
The test at 600'C exhibited surface features that were observed in the previous 
condition. Oxide clusters of a considerable larger area than that observed *in the tests 
containing water were abundant on the surface of the steel, which could be referred to as 
a glaze layer that was appreciated on the wear track of the roll disc shown in Fig. 4.87. 
These clusters (Fig. 4.111 b) constituted a smooth and compact layer that also presented 
cracks and a similar composition like that observed for the equivalent structures formed 
at 600 and 5000C in water conditions (Fig. 4.1 11 d). The growth of oxide platelets inside 
grooves was not common in this case, and only few zones showing these elements were 
appreciated (Fig. 4.111 c). 
The cross section of the disc showed two different layers formed under this 
condition. One of them constituted the original oxide layer whilst the other was present 
on the surface in the form of a mechanically mixed oxide (Fig. 4.112 a and b), both layers 
were rich in iron and chromium (Fig. 4.113 and Fig. 4.114 a). Subsurface oxide formation 
was also observed in this test and this was responsible of the detachment of steel slivers 
of considerable size (Fig. 4.115 a and b). 
At 500'C the amount of oxide clusters was lower and the presence of oxide 
platelets that indicated the growth of fresh oxide was not apparent. However, some oxide 
clusters were found (Fig. 4.116 b) together with abundant zones that contained wear 
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debris of a round shape (Fig. 4.116 c). The EDX analysis of elements present in the zones 
of Fig. 4.116 a) revealed the oxide clusters as rich in iron, chromium and oxygen 
(Fig. 4.117 a to c). Zones containing iron without oxygen were also found on the surface 
in the EDX map for iron in Fig. 4.117, and the pol 1 int EDX analysis of Fig. 4.117 e) 
confirmed the existence of non oxidized steel zones. A zone where a considerable amount 
of vanadium was detected suggests that MC vanadium rich carbide participated during 
the degradation process of the surface (Fig. 4.117 d). 
Cross sections of the discs showed the oxide layer comprised compacted fine 
oxide particles of round shape and confirmed the presence of chromium and iron in it as 
indicated in Fig. 4.119. Subsurface oxide formation was also responsible in this condition 
for the detachment of fresh steel (Fig. 4.118 b). Fig. 4.120 shows the EDX analysis made 
to different zones of Fig. 4.118 b) showing that the oxide layer and all the zones studied 
during this analysis had the same features and characteristics of that studied at 6000C. 
The characteristic zones found at 400'C only included deep grooves created by 
ploughing and abrasion (Fig. 4.121 a). Pieces of steel separated from the surface were a 
common phenomenon together with zones that presented accumulation of fine oxide 
particles (Fig. 4.121 b) where iron depletion was evident (Fig. 4.121 g). The EDX analysis 
of the surface proved that oxide generation was not favoured under this condition and 
therefore traces of the original alloy were revealed (Fig. 4.122 b). Oxidized MC carbides 
were also found as indicated by the EDX pattern of Fig. 4.122 d). 
The cross section of the disc showed the oxide layer as an arrangement of 
agglomerated oxide particles (Fig. 4.123 a). The detachment of steel from the surface was 
also identified during this analysis and is shown in Fig. 4.123 b), where it is also possible 
to see the fracture of a MC carbide below the surface of the steel. Fig. 4.124 gives the 
element mapping of Fig. 4.123 b), revealing the detached steel surrounded by a high 
concentration of vanadium. Fracture of MC carbides was a common phenomenon in this 
test and was linked with the detachment of steel zones of considerable size as indicated in 
Fig. 4.125. This process did not occur for the other kind of carbides. 
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4.4.3 Wear debris analysis 
The x-ray diffraction analysis of the wear debris gave suggestions on the nature of 
the abrasive particles that accounted for the wear of the discs during the tests. FIg. 4.126 
shows the diffraction patterns of the debris collected in the tests developed with water. In 
all cases hematite was the main component of the wear debris having some traces of 
magnetite. Reflections that indicated the presence of martensite *in the wear debris were 
obtained only at 600 and 400'C having a greater intensity at the lowest temperature. 
In dry conditions (Fig. 4.127), at 600 and 500'C, martensite and hematite peaks 
were the most intense peaks detected in the diffraction patterns while reflections of 
magnetite were not detected. Peaks revealing vanadium carbide MC as a component of 
the wear debris were found at these temperatures. The intensity of the martensite peak 
reduced considerably at 400'C and reflections of MC carbides were not found, leaving 
hematite as the main component of the wear debris at this temperature. 
4.4.4 Final observations obtained from the tests 
Even though it was difficult to obtain cross sections of the test discs that 
contained the whole oxide layer attached to the surface of the disc, some sections 
showing a compact oxide layer were obtained and their thicknesses measured. Fig. 4.128 
represents the rate at which the oxide layer tended to accumulate on the surface of the roll 
disc as a function of the testing temperature, represented by logarithmic relationships for 
both environmental conditions, the thickness of the oxide was measured in two cross 
sections of the roll disc for each experimental condition. 
The effect of the oxide thickness on the value of the friction coefficient of the 
tests is given in Fig. 4.129 showing that value of p was considerably higher for conditions 
in which water was present than for dry conditions. 
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The difference between the hardness values measured at the beginning and at the 
end of the tests revealed that this property was affected by both temperature and 
environmental conditions. The softening effect of the roll disc increased in a linear 
fashion with the testing temperature as indicated in Fig. 4.130, where it is also possible to 
identify that the effect of hardness lost of the discs was greater for the conditions that 
included water than for those including only dry air. 
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Chapter 5 
Discussion of results 
5.1 Introduction 
In this chapter an explanation of the results is given, aiming to answer the most 
important questions that could be formulated regarding the oxidation kinetics of the steel 
in both isothermal and cyclic modes, as well as to define the role of the oxide formed 
during the rolling-sliding experiments. 
5.2 Microstructure of the steel 
The characterization of the microstructural components of the steel revealed three 
different carbide phases based on the data presented in Table 10, which are expected 
constituents of a typical alloy used in the work rolls of the finishing stands of hot steel 
strip mills. The composition of the carbides and microstructure of the steel is in 
agreement with the typical composition of high speed steels suggested by Hoyle (1988), 
and Boccalini and Goldstein (2001) and is also similar to the compositions of the steels 
used in the works mentioned in Chapter 2 regarding the study of the isothermal oxidation 
of these alloys. 
5.3 Effect of the oxidant atmosphere and temperature on the rate of 
oxidation of the high speed steel 
5.3.1 The effect of the oxidant atmosphere 
As shown in Figs. 4.4 and 4.5 the oxidation kinetics of the steel are strongly 
influenced by the presence of water vapour in the atmosphere inside the oxidation 
reactor. The simplest explanation that can be given to this phenomenon is that the rate of 
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oxidation is higher for conditions in which water vapour is present because the water 
provides a second source of oxygen needed for the oxidation reactions, apart from the 
fraction of oxygen that is already contained in the dry air. Thus, in addition to the simple 
oxidation reactions that involve the iron of the steel matrix to form magnetite (Fe304) and 
hematite (Fe203) expressed as: 
3 Fe+ 2 02 -> Fe304 
and as 
4 Fe+ 3 02 -> 2 Fe203 (5.2) 
another oxidation reaction involving water vapour and iron to form magnetite was also 
present during the oxidation process expressed as: 
3Fe+4H20 ->Fe304+4H2 (5.3) 
The value of the Gibbs free energy for each one of the reactions proposed was 
calculated at the temperatures of the experiments using thermo chemical data obtained 
from tables (JANAF, 1971) and introducing these in the terms of the Gibbs relation 
expressed as: 
AG=AH-TAS (5.4) 
where AG is the Gibbs free energy change for the oxidation reaction, AH is the enthalpic 
change of the system, AS the entropic change and T is the temperature of the system in 
absolute units. The values of free energy resulting from the calculations are presented in 
Table II and for all the equations proposed gave negative values, suggesting that the 
oxidation process of the steel by the reactions proposed is thermodynamically feasible at 
the temperatures studied. 
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Laverde, et aL (2004) proposed another oxidation reaction that involved the 
formation of hematite at the expense of the oxidation of magnetite by water vapour 
expressed as: 
2Fe3o4 + H20-> 3Fe2o3+ H2 (5.5) 
Although this equation could potentially contribute to the oxidation of the steel, 
the free energy change is positive at the temperatures studied and therefore, the formation 
of hematite in this way was not believed to occur. Rather, only equations 5.1 to 5.3 are 
responsible for the development of oxidation at the temperatures studied. 
Alternatively, Kofstad, (1995) suggested that by means of the reaction: 
I 
H20+ 02 
-> HO+ + e- +1 
02 (5.6) 
24 
the existence of positive HO+ protons located at oxygen positions in the oxide scale is 
possible. If this was the case during the experiments, the production of more oxygen 
molecules inside the oxide scale was feasible giving an additional source of oxygen that 
promoted the continuity of the oxidation reactions. 
5.3.2 Effect of oxide formation on the oxidation kinetics 
The growth of oxide itself also influenced the way in which the oxidation 
processes occurred, for example, at both temperatures during the early stages of oxidation 
(up to times of about 5000 seconds), it was observed that oxidation occurred faster in 
condition I (water vapour 95'C+dry air) than in conditions 2 (water vapour 850C+dry 
air) or 3 (only dry air). This premise is in agreement with the features observed during the 
surface inspection of the steel where it was noted that the surface of the steel exposed to 
condition I was completely covered with a grey oxide layer of hematite, that did not look 
as uniform in condition 2 for the same oxidation time. Instead, the surface of condition 2 
contained zones (located near to carbides) where the oxidation process was in its first 
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stages of crystal formation (Fig. 4.10 a). Combining the kinetic data and the observations 
made by electron microscopy, the only explanation for the slightly higher oxidation rate 
observed during the early oxidation stages in condition I can only be that the water 
vapour also reacts with the steel to produce oxide in addition to the reactions that 
involved the oxygen contained in the dry air. 
With increased oxidation time the samples exposed to condition 2 gained more 
mass compared with the samples oxidized under conditions 1 and 3. In condition 1, the 
diff-usion of metallic and non metallic ions across the scale was restricted by the rapid 
growth of hematite platelets on the matrix of the steel that also covered the carbides in the 
surface. This reduced the sites for fresh oxidation, i. e. the hematite introduced a 
passivation stage observed during condition 1. The oxidation continued when oxygen 
ions found across the scale or incorporated via the remaining carbides not covered by the 
layer reached the non oxidized steel in order to react and continue with the production of 
oxide. 
The reduction in the oxidation rate observed in condition I is similar to the 
observations made by Jansson and Vannerberg, (1971) where the reduction in the 
oxidation rate of pure iron was attributed to the formation of hematite whiskers at similar 
temperatures. Khaveci and Welsh, (1986) also commented that the microstructure of 
hematite was responsible for the development of logarithmic oxidation kinetics in iron 
alloyed with 3%wt Cr. In fact the microstructure of the oxide layer obtained in their work 
is very similar if compared with the microstructure of the layer observed in this work 
(Fig. 2.15 b and Fig. 4.47 a) respectively. Molinari, (2001) also observed a reduction in the 
oxidation rate of high speed steel when oxidized in dry air at 700'C although in this case 
the reduction was related to the formation of a protective iron-chromium spinel. 
The development of the parabolic oxidation stage found in condition 2 is 
explained based on the observation that even after 3 hours the surface of the steel 
contained zones where the early oxidation stages remained in the same form (Fig. 4.12 b), 
i. e. a thin oxide layer covered the surface of the steel together with non oxidized carbides 
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that were not covered by lateral growth of the oxide layer. These sites acted as easy paths 
that allowed oxygen ions to reach the steel substrate, assuring the continuity of the 
oxidation process at both testing temperatures. The absence of voids in the oxide scale 
formed under this condition at 615'C and 550'C observed in Fig. 4.37 and Fig. 4.43 b) 
favoured the uniform diff-usion of ions across the scale. Voids M the scale can be 
generated by the coalescence of metal vacancies within the scale (Caplan and Cohen, 
1966). In the current case, the absence of such voids suggests that the presence of water 
vapour and the generation of hydrogen, as suggested in equation 5.3, could have 
increased the plasticity of the oxide layer, as proposed in Tuck et al. (1969). 
The values of the parabolic constants obtained under this condition at both 
temperatures were 6.16xlO-2 Mg/CM2_Sl/2 and 2.82xl 0-2 Mg/CM2_Sl/2 at615 and 550'C 
respectively. These values can be compared to those obtained (in the same units) by 
Molinari et al. (2001) at a higher temperature (700'C) under dry air, namely 5.94xI 0-2 
Mg/CM2_Sl/2 and 1.29xlO-2 Mg/CM2_Sl/2 for high speed steels with 5% and 10% wt 
chromium respectively. It can be seen that even though the temperatures used in this 
investigation are lower than those studied by Molinari et al., the parabolic constants were 
similar or had higher values than those obtained at higher temperatures where the mass 
gain of the samples is supposed to be also catalyzed by the temperature of the system. 
Therefore, it is proposed that the addition of water vapour effectively accounts for the 
increment in the oxidation rate of the steel. 
The samples exposed to condition 3 experienced logarithmic oxidation kinetics. 
Presumably the adsorption of oxygen Ions in the steel and across the oxide scale was 
limited due to the type and ionic characteristics of the oxides formed under this condition. 
This would affect the movement of ionic species across the oxide scale, hence reducing 
the intensity of the electrical fields that allow the transport of ions and electrons across 
the oxide layer needed to stimulate its growth, which are features normally associated 
with the development of logarithmic stages in oxide scales (Khanna, 2002). 
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5.3.3 Effect of oxygen partial pressure 
Another explanation for the effect of water vapour on the oxidation kinetics of the 
steel can be related to the reduction of the partial pressure of oxygen as result of the 
addition of water vapour to dry air. If the oxidant mixture is considered as an ideal gas 
assuming that the volume of air is greater than the existent volume of water vapour, the 
equation that describes the behaviour of the gas gives that: 
pO2V = nRT (5.7) 
where P02 is the partial pressure of the gas, V is the volume, n is the number of moles, R 
the universal gas constant and T the temperature of the system in absolute units. If a 
constant k is used to group tile ratio of gas volume with respect to the temperature and the 
gas constant, the number of oxygen moles M the system is given by: 
kp02 (5.8) 
The values of n calculated from the values of the experimental variables from the 
tests for both conditions at 615'C gives the number of moles of oxygen present is 
6.34xl 0-4 for condition I and 1.16xI 0-3 moles for condition 2. The greater oxygen supply 
for condition 2 is consistent with the more rapid oxidation kinetics observed. 
In condition 2 oxygen ions will always be available to compensate the loss of 
oxygen due to their adsorption and reaction with iron simply because the amount of 
oxygen in the atmosphere is greater in this condition, ensuring the supply of these ions 
progressively with the oxidation process. In condition 3, the fact that only two oxidation 
reactions occur on the surface of the steel, combined with the ionic nature of the oxides 
affected by the partial pressure of oxygen, appears to be the only reasons that could 
explain the development of logarithmic behaviour, even though the amount of oxygen 
is 
greater than in the other two conditions. 
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The relationship between the values of pressure of the gas used in the expenments 
and the amount of mass gained by the samples of the high speed steel is in agreement 
with the behaviour observed by Jannson and Vannerberg, (197 1) for the oxidation of pure 
iron under different oxygen partial pressures in which reductions to the partial pressure of 
the system increased the oxidation rate of the specimens (Fig. 2.12). 
The trend of the apparent activation energy with respect to the partial pressure of 
each condition shown in Fig. 4.9 suggests that the minor amount of energy required to 
initiate the oxidation process in the steel is present when the partial pressure of the gas in 
the system had the lowest value, in other words when the amount of water vapour in the 
environment was a maximum. Therefore, it was easier to initiate the oxidation process 
when water vapour was present in the system in significant amounts simply because it 
required less energy compared with the greater amount of energy required to initiate the 
oxidation process when the amount of water vapour was reduced or not present. 
53.4 The effect of temperature 
The effect of temperature on the oxidation of the steel is shown in Figs. 4.4 and 
4.5. Irrespective of temperature, the same kinetic law is followed at both temperatures, 
except for condition 1, where a transition was observed. Moreover, the amount of mass 
gained in the experiments carried out at 615'C was almost twice the value of the mass 
gained under the same environmental conditions at 550'C. The answer to this 
is simple: 
the oxidation kinetics represented by k, is a strong function of temperature, as suggested 
in equation 2.1. 
5.4 Oxide phases obtained and oxidation mechanisms 
5.4.1 Oxide phases 
Three oxide phases were identified in the X-ray diffraction analysis of 
the 
samples, namely magnetite Fe304, hematite Fe203 and vanadium oxide 
VO. The first two 
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phases were present in all environmental conditions while the remaining phase was 
obtained exclusively for oxidation in dry air. From the point of view of equilibrium, as 
represented in Ellingham diagrams, and considering the reactions of iron with oxygen to 
form magnetite and hematite, the partial pressure of oxygen required for the dissociation 
of the oxides at the test temperatures are between 10-18 and 10-25 for hematite and 
magnetite respectively at 6150C and between 10-22 and 10-28 for hematite and magnetite 
respectively at 5500C. As the partial pressures of oxygen for all the experiments were 
higher than the dissociation pressures, the production of these phases was 
thermodynamically favoured, in agreement with the data obtained by X-ray diffraction 
and by the calculation of the free energy of Gibbs for the oxidation reactions presented 
earlier in this chapter. 
Wiistite (FeO) was not detected from X-ray diffraction analysis of the samples for 
two reasons. The first of these is that although Wiistite is stable at 615'C, as suggested in 
the iron-oxygen diagram of Fig. 2.6, its formation was suppressed by the existence of 
chromium in the steel, an element that increases the number of defects in the crystal 
structure of Wdstite and favours its transformation to magnetite or chromium rich spMel 
structures as noted by Chang and Wei, (1989) and Khanna, (2002). The second reason is 
just a matter of thermodynamic equilibrium and is proposed that at 550'C Wdstite is not 
formed because this temperature is below the stability point of this phase (570'C). The 
absence of Wdstite in the oxide layer is in agreement with the observations found in the 
oxidation studies of work rolls developed by Gonzalez et al. (2001) and Kim et al. (2003) 
for high chromium and high speed steel work rolls and it is also is in agreement with the 
observations made during the study of the oxidation characteristics of iron-chromium 
alloys presented in Chapter 2. 
A doubt remained with respect to the equilibrium conditions of the vanadium 
oxide VO (as detected by XRD) as the required Ellingham diagram that allowed the 
calculation of the equilibrium pressure for this compound could not be found. However, 
the presence of this element in the oxide layer indicates that it was favoured by the 
thermodynamics of the system. 
87 
Chapter 5 Discussion of results 
Thermodynamic calculations of the Gibbs free energy that involved the reaction 
of vanadium carbide(VCO. 88)with oxygen or water vapour to form vanadium oxide (VO) 
or vanadium oxide(V205)showed in equations 5.9 to 5.11 as: 
VC+02-4VO+CO (5.9) 
VC+ 2 H20 -> VO+ CO+ 2 H2 
4VC+702 ->2V205+4CO 
show that the formation of VO is energetically more favoured than the formationOf V205 
in oxygen and in water vapour (Table 11). Zhou et aL (2004) showed that the formation 
Of V205 from the oxidation of TiAlN/VN at temperatures similar to those studied in this 
work is a feasible process resulting in the production of large crystals Of V205with a 
morphology similar to the oxide crystals observed during the oxidation of vanadium rich 
MC carbides (Figs. 4.18 and 4.23). However, although the morphology of the oxide 
crystals is similar, the presence of VO in the oxide layers studied in this work was 
confirmed by X-ray diffraction of the oxides instead Of V205, and is favoured by the 
equilibrium conditions. This contrasts with the work of Zhou et aL (2004), probably 
because the oxidation properties and chemical composition of the vanadium nitrides and 
vanadium rich carbides are different. Nevertheless, the presence Of V205 cannot be 
discarded completely and should be taken into consideration because even though this 
phase was not detected during the X-ray diffraction analysis, it could have been present 
in small quantities given that its production is also favoured by thermodynamics and its 
omission could be associated with the instability offered by the vanadium oxides as 
indicated by Kofstad, 1953. 
5.4.2 Oxidation mechanisms 
A schematic representation of the oxidation mechanisms is given in Figs. 5.1 to 
5.3. The basis for these proposed mechanisms is given in the following discussion. 
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At 615'C and 550'C for the conditions in which water vapour was present in 
oxidant atmosphere, the oxidation process started with the formation of the magnetite 
layer by a mechanism that implied the oxygen adsorption into the steel and the 
establishment of oxidation reactions between iron and water vapour and between iron and 
the oxygen contained in the dry air, as shown in equations 5.1,5.2 and 5.3. 
The dissolution of oxygen into the steel was a common phenomenon developed 
along the oxidation process studied under all the conditions and was evident during the 
cross section analysis of the oxide layer (Fig. 4.35, Fig. 4.37 and Fig. 4.39) and by EDX 
measurements (Fig. 4.57 and Fig. 4.58). Therefore, it is suggested that this process 
controlled the formation of the magnetite layer. Once magnetite was formed, iron ions 
from the metallic substrate and from magnetite travelled in the direction to the gas-oxide 
interface in order to react at this location to produce hematite by means of the reaction 
between iron and oxygen shown in equation 5.2. As iron ions left their normal positions 
in the magnetite lattice to form hematite, these positions were occupied by chromium Cr' 
ions present in the steel matrix and that did not participated directly in the oxidation 
process maybe because of their low mobility in magnetite (Chang and Wei, 1989). The 
substitution of iron ions by chromium ions initiated the development of theM304 spMel 
(where M= (Fe, Cr)) layer formed next to the substrate found during the EDX 
characterization of fracture surfaces and cross sections, instead of magnetite. 
The intermediate magnetite layer found between the spinel and hematite layers 
could have been formed in the way suggested by Robertson and Manning, (1988). 
According to their investigation the duplex oxide layer formed in chromium steels 
normally consists of an inner fine grained spinel oxide rich in chromium, followed by a 
layer of columnar grains of magnetite formed from the parent spinel structure. They 
suggested that the formation of the top layer is only possible if space is available over the 
fine grained spinel layer to allow the nucleation of the oxide structure with columnar 
grains. At the same time, they commented that the fine grained spinel layer corresponded 
to the original surface of the metal. 
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In this investigation two routes for the creation of the intermediate magnetite layer 
are proposed. Firstly, space could have been created between the spinel and the hematite 
layer originated by local increments of pressure at the spinel-hematite interface caused by 
the accumulation of water vapour molecules that created micro voids that allowed the 
nucleation of the magnetite phase that grew at expenses of the spinel layer. The other 
possible route is that the intermediate magnetite was formed directly at the expense of the 
spinel layer during the early oxidation stages and that hematite was formed after the 
formation of the columnar magnetite phase. 
Although both suggestions are logical, the second seems more appropriate from 
the features observed in the fracture surfaces of the specimens, where it was clearly noted 
that the intermediate layer of magnetite represented a continuous layer suggesting that the 
formation of this layer effectively started after the formation of the spinel phase. The 
morphological characteristics and stoichiometry of the phases obtained in this work are M 
agreement with the oxide layers studied in the works of Cory and Herrington (1987), 
Simms and Little (1988) and Laverde et al. (2004) that were mentioned in the literature 
review for Fe-Cr alloys. 
The oxidation mechanism in dry air was different because vanadium formed an 
oxide phase which was located at the outer side of the whole scale, as indicated by EDX 
analyses of the cross sections. The formation of the outer vanadium rich layer observed 
during condition 3 was believed to be associated with the oxidation of MC vanadium rich 
carbides observed only under this condition. However, before considering this condition, 
the absence of this layer in conditions I and 2 will be explained. According to Santaf6 
and Borgianni (1985) vanadium carbide (VCO. 98) has a great affinity for oxygen at high 
oxygen partial pressure and, in the interval of temperature comprised between 500 and 
580'C its oxidation produces vanadium oxide V205 at a rate dependent on the partial 
pressure of oxygen. Based on this argument, it is possible that the reduction of the partial 
pressure of oxygen caused by the addition of water vapour to dry air suppressed the 
oxidation of MC vanadium rich carbides during the exposure of the steel to conditions 
I 
and 2 respectively where water vapour is present. In addition to this, a positive value of 
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Gibbs free energy exists for the reaction of VC with water vapour, indicating that the 
development of this reaction is not thermodynamically favoured (Table 11). 
Instead of pronounced oxidation, the MC carbides together withM7C3 and MýC 
dissolved oxygen within them as suggested by the EDX area analyses shown in Fig. 4.17 
and Fig. 4.19 to Fig. 4.22. This observation is also in agreement with the observations 
made by Santafe and Borgianni (1985), at least for the vanadium carbide studied in their 
work. The absence of oxidation of the carbides caused by the reduction of partial pressure 
of oxygen is also in agreement with the observations of Kim et aL (2003) on the 
oxidation of high speed steel when this was exposed to a mixture of argon and water 
vapour. 
The oxidation of carbides could not be avoided in the experiments carried out 
under condition 3 (dry air only) where the value of partial pressure of oxygen was higher 
(0.20 atm) than in the other two conditions. In fact, the development of oxide crystals on 
MC carbides was observed at both test temperatures for dry air (Fig. 4.18 and Fig. 4.23). 
The oxidation of carbides under these conditions could be related to the great affinity of 
vanadium for oxygen, in agreement with the observations made by Kim et aL (2003). 
The vanadium oxide was observed across the entire surface, not just local to the 
carbide particles. This raises the question as to whether this oxide was derived from just 
the vanadium rich carbides, with the vanadium being mobile across the surface, or 
whether the vanadium present in the steel matrix as small secondary carbides also 
contributed to the formation of this layer. No answer to this question can be found with 
certainty. However, even though since the majority of vanadium was tied up as carbides, 
the smaller fraction of vanadium present as secondary carbides in the steel matrix also 
contributed significantly to the oxidation process to provide a uniform top layer. 
The reason for the presence of VO rather thanV205 apart ftom the 
instability of 
the vanadium oxides discussed earlier, could be related to the purity of the 
MC carbides. 
In the present work for the alloy used, the MC carbides were 
far from pure VC 
91 
Chapter 5 Discussion of results 
(vanadium 63%wt and carbon 15 %wt), but contained iron (4.44 %wt) and chromium 
(6.94 wtl/o) as indicated in Table 10. This suggests that these elements would also favour 
the growth of VO insteadOfV205if they performed as doping particles. 
Avoiding the formationOf V205 is considered to be a positive observation In these 
steels because during the rolling process, temperature values as high as 675'C can be 
achieved on the surface of the rolls, which would lead to the volatilization of this oxide 
(Y, ubaschewski, 1953). The oxide would not therefore be able to contribute to the 
abrasion resistance, with the likely result of increasing work roll wear. 
The oxidation mechanism of the high speed steel under dry conditions (condition 
3) can be deduced ftom the observations made during the analysis of surface 
morphology, cross sectioning and fracture surfaces under this condition and it is 
relatively simple. The oxidation process started with the dissolution of oxygen in the 
matrix and within the MC carbides. Oxidation reactions similar to those presented in 
equation 5.1 and 5.2 presumably were established inside the metal to transform the steel 
into magnetite, while the hematite layer was formed at the oxide-gas interface by 
diffusion of iron ions from the substrate in the direction to this interface, at the same time 
that vanadium oxide was formed on the surface of carbides. As the oxidation of the steel 
surface was not accelerated by the presence of water vapour in this condition, the oxide 
layer formed was thin enough to allow the diffusion of vanadium ions (driven by the high 
partial pressure of oxygen) from the matrix and carbides across the scale to feed the oxide 
layer formed on the outer layer. The development of vanadium rich oxide needles as 
those shown in Fig. 4.28 can be considered as evidence of the diffusion of vanadium ions 
for the formation of the external oxide layer supported by the vanadium gradient 
measured across the scale Figs. 4.57 and Fig. 4.58 c. 
Monteiro and Rizzo, (2004) observed the presence of vanadium rich layers -in 
experiments conducted under the presence of humidity. However, in their work, the 
humidity content was lower than in the present work and was probably not high enough 
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to produce a significant reduction to the partial pressure of oxygen and therefore carbide 
structures as well as the matrix were oxidized. 
5.4.2.1 Influence of oxide stoichiometry on the oxidation phenomena 
The question can be posed: how do the oxide phases found in each oxidation 
condition influence the oxidation kinetics of the steel? To answer this, one has to look at 
the ionic nature of the compounds. If the simplest reactions for iron oxide formation are 
considered (equations 5.1 and 5.2), from the point of view of thermodynamics at the 
temperatures of the tests the formation of hematite is energetically more favoured than 
magnetite, although the difference between the values of free energy of formation is not 
considerable (Table 11). Thus, it is not surprising that the formation of both compounds 
was observed at the same time. 
Hematite is defined as a n-type metal excess semiconductor (Kubaschweski, 1953 
and Khanna, 2002) in which the ionic conductivity within tile oxide and hence its growth 
increases if a reduction to the partial pressure of the oxygen in the system is experienced. 
It is proposed that throughout the oxidation of the steel in the presence of water vapour, 
Fe ions were always available to support the growth of hematite because these were 
released by spinel as a part of its equilibrium process to keep its stoichiometrYM304as 
observed in the EDX maps of the oxide layers. If this condition is combined with the fact 
that the pressure of oxygen is lowered by the existence of water vapour in the 
atmosphere, the ionic conductivity within hematite increases favouring the mobility of 
cations and anions across the layer and therefore its growth, and the growth of the oxide 
layer as a whole. 
Hematite was detected in the X-ray diffraction patterns as the predominant phase 
rather than the spineIM304 or magnetite for longer exposure times. However, the 
proportion of each oxide phase changed with time and the condition as 
indicated by 
micrographs of the fracture surfaces shown in Fig. 4.47 and 4.51 
for test at 615 and 
5501C. In contrast, during the early oxidation stages, the formation of the spinel or 
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magnetite was the critical stage, while the formation of hematite was thermodynamically 
unlikely, consistent with the X-ray diffraction analysis of the early stages of oxidation. 
Although the ionic nature of magnetite as a semiconductor is not considered 
within the standard theories of high temperature oxidation, Chen et aL (2006) in their 
investigation on the high temperature corrosion of a ferritic steel by water, considered 
magnetite as p-type semiconductor with a metal deficit (where the ionic conductivity 
within the oxide is increased by means of increasing the value of oxygen pressure in the 
system). At first sight the proposal by Chen et aL seems valid and theM304spinel could 
be considered as p-type semiconductor for the reason that a marked deficit in iron was 
observed in most of the EDX map analyses, Figs. 4.48 and 4.52 for example. During the 
early oxidation stages, oxygen was initially dissolved in the steel to form the spinel 
M304. Although the partial pressure of oxygen in the system was lowered by the addition 
of water vapour (Table 8), the oxygen pressure was sufficiently high to promote the 
migration of iron ions from the spinel to form magnetite and hematite at the expense of 
the spinel layer. As the oxide layer thickened progressively with oxidation time, the 
pressure of oxygen in the areas where the spinel and magnetite layers were formed was 
locally reduced, affecting the ionic conductivity within the spMel and magnetite layers, 
giving a progressive reduction in the thickness of both layers. This condition was not 
observed and a balance of the thickness of the spinel and hematite layers was constant for 
long oxidation times. 
Based on the evidence just discussed and the fact that magnetite is an inverse 
spinel that grows by diffusion of Fe 2+ and Fe 3+ as well as the fact that Cr ions take the 
position of missing iron ions to form the spinel, it is proposed that under these conditions 
the spinel layer and magnetite behaved as a n-type semiconductor with excess metal 
rather than a p-type one with metal deficit. Therefore the local reduction of the partial 
pressure of oxygen as the oxide layer grew, stimulated and ensured the conductivity of 
ionic species in this layer and hence the overall growth of the oxide layer. 
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Based on the observations of the oxidation tests performed under dry conditions 
in which the carbides where oxidized, there is not doubt that the rate of growth of the 
oxide layer is strongly influenced by the high pressure of oxygen inside the oxidation 
reactor. Vanadium oxideV205 iSconsidered as a n-type semiconductor where increments 
to the partial pressure of oxygen decreases the conductivity within the oxide therefore its 
presence as a part of the whole layer contributed significantly to a reduction in the 
mobility of ions, resulting in the development of a logarithmic rate of reaction. 
If the presence of vanadium oxide VO is considered, this semiconductor behaves 
either as n-type or p-type. In the present work it might be possible that the oxidation of 
vanadium carbide and the vanadium contained in the matrix lead to the growth of n-type 
vanadium oxide VO whose electrical conductivity is reduced in high partial pressure 
environments, as was the case in the dry conditions. If this compound acted as a p-type 
semiconductor, this would imply that for the existent oxygen partial pressure the 
electrical conductivity inside the oxide should be high. However, this seems unlikely 
given that the oxide kinetics were logarithmic and no alteration to a rapid oxidation rate 
was observed. 
The growth of hematite, magnetite and the spinel phases was also limited by the 
high pressure of oxygen in dry conditions. These being n-type semiconductors show a 
limited conductivity of ionic species and electrons within them, consequently reducing 
the rate of reaction and hence the rate of oxide growth that was expressed by the 
development of the logarithmic oxidation rate at both temperatures. 
5.5 Experiments carried out under cyclic conditions 
5.5.1 High frequency cycles 
The oxidation of the material under this condition was not as severe as is it was 
expected and only slight changes were observed. The mass change of the samples 
exposed to the action of various thermal cycles can be better explained if the 
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accumulation of mass is taken into account (Fig. 4.59). This Plot suggests that instead of a 
mass loss, as would normally be expected 11 oxidation conditions, the general in cyclic 
trend was one of mass gain. This phenomenon can be explained if a relation to the 
morphology of the oxide, the chemical elements contained within it and the number of 
the cycles imposed to the samples is considered. 
The oxide layer was too thin to measure up to 120 cycles. Between 120 and 300 
cycles the oxide layer consisted of fine oxide nodules (Fig. 4.60 a and Fig. 4.62 b). Thus, 
during this stage, the early stages of oxidation were being observed, and therefore low 
values of mass gain were observed. 
The second factor that supports the premise of the early stages of oxide formation 
is that In most of the EDX analyses of these oxides, the presence of iron, chromium and 
oxygen was a common finding (Fig. 4.64). It is proposed that the oxide formation in these 
experiments also started with the dissolution of oxygen in steel and its reaction with 
oxygen to form magnetite, where Cr+ replaced the Fe+ to form a Cr rich spMel with a fine 
grained structure similar to the one shown in Fig. 4.10 a) and b). Therefore, if fine nodules 
existed on the surface of the samples containing mainly iron, chromium and oxygen, this 
oxide structure can be associated with the early stages of formation of the spinel M304. 
In some cases a significant amount of silicon was detected during the EDX 
analysis of the oxide layer (Fig. 4.65). The silicon content of the steel was not enough to 
promote silicon based oxides, the iron silicate known as fayalite Fe2SIO4 (Chang and 
Wei, 1989) was considered as a possible oxide phase present on the steel. However, the 
growth of this phase can be discounted, as this phase is only found with the presence of 
Wdstite (FeO) whose formation was suppressed by the presence of chromium 'in the steel. 
Therefore, the presence of silicon in the oxide could be considered in the form of an 
isolated oxide phase of silicon dioxideSiO2, probably a product of contamination from 
the reaction chamber. Unfortunately, the X-ray diffraction analysis of the steel was not 
successful as the phase was present in too small a quantity to be detected. 
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Finally, if the average time of exposure of each sample at 615T was of about 1.5 
seconds per cycle, this implies that this value multiplied by the total amount of cycles 
experienced for one sample (300) results in a total amount of exposure time of 450 
seconds for the whole experiment (7.5 minutes in total). If the sample were to be exposed 
to isothermal conditions for this amount of time, the resultant oxide layer would have 
been thin and only showed the early oxidation stages of the steel. Therefore it can be 
concluded that the number of cycles the samples were exposed to were not enough to 
promote the growth of thick scales and the oxide grown under the conditions studied 
represented the early oxidation stages of the steel. As such, the oxide scale on the surface 
of the high frequency cyclic tests could not be directly compared with those from the 
isothermal tests. 
During the surface inspection of the steel it was found that the samples subjected 
to around 240 thermal cycles experienced severe plastic deformation at the surface and 
microcracks in zones located near to the bottom edge of the samples (Le the region where 
the sample impacted in the water quench each time). This can only be related to the 
thermal shock imposed to the samples when they were quenched after the heating stage. 
The plastic deformation was concentrated at the edge of the sample and occurred in zones 
locally to carbide clusters (Fig. 4.67). This suggests that the thermal mismatch stresses 
between carbide and matrix were sufficient to cause plastic deformation. The cracks 
observed inside the carbides or in zones near to them are indicative of the high local 
strain that clearly exceeded the fracture strain of the carbides. The nucleation of cracks in 
carbides or in zones near to these sites is a feature that is in agreement with the 
observations made by Colds et al. (1999), although their test conditions were not pure 
cyclic oxidation tests. The microcracks generated in the steel and carbides acted as 
oxygen diffusion paths (Fig. 4.67) promoting local oxidation within the steel (Figs. 4.69 
and 4.70). Such microcracking and oxidation leads to local spalling of the roll surface 
during hot rolling, which is a principal reason that the rolls have to be re-ground. 
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5.5.2 Low frequency cycles 
Low frequency cycle testing was used to observe the causes of oxide failure and 
spallation. from the surface of the steel. Thicker oxide scales were obtained under these 
conditions compared to those formed in the higher frequency cyclic tests. 
Mass losses were expected from the spalled oxide, but this did not occur in the 
oxidation kinetics plots because the exposure time to the heating stage was long enough 
to produce the growth of new oxide in sites where oxide was previously removed during 
the cooling cycle, so that the mass lost in this action was rapidly replaced by the growth 
of new oxide. However, the procedure used to give an approximation of the rate at which 
oxide was lost (Fig. 4.75 b) and Fig. 4.76 b) can be considered as correct if the results from 
the X-ray diffraction analyses combined with the surface inspection of the samples are 
reviewed. 
At both temperatures, the X-ray diffraction patterns of the samples after the action 
of 2 thermal cycles revealed hematite as the dominant oxide phase on the surface of the 
steel. Exposure to 2 heating cycles is equivalent to almost 2 hours of continuous 
oxidation under this environment, which promoted the development of a thick hematite 
layer whose growth was favoured by the low partial pressure of the environment, as 
discussed in Section 5.4.2.1. 
In contrast, after 40 cycles XRD reflections corresponding to magnetite or spinel 
phases suggested these as the dominant phases present on the surface of the steels. The 
information obtained in the diff-raction patterns agrees with the evidence found in the 
micrographs of the steel after 2 thermal cycles where the surface of the steel was covered 
by a dense grey hematite layer. Spallation only occurred in a few zones. After 40 cycles 
where the black zones of magnetite or spinel were the dominant phase found on the steel, 
the extent of spalling was greater than in the samples that experienced few oxide cycles 
(Fig. 4.86). 
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Fig. 4.79 shows an uplift of the oxide, which is a partially spalled region, as shown 
schematically in Fig. 5.4. b). It is clear the failure of the oxide scale started with the 
formation of buckled zones normal to the surface of the steel preferentially in the 
hematite layer (Fig. 4.79). These zones have similar characteristics to the zones described 
by Evans, (1995) during the analysis of failure mechanisms in oxide scales. According to 
this author the development of curved zones or "buckling" in oxide scales exposed to 
thermal cycles results from the existence of compressive thermal stresses acting on the 
relatively plastic oxide scales which have poor adherence to the substrate (Fig. 5.4 a). The 
analysis of the fracture surfaces of the oxide layer obtained during the isothermal 
oxidation tests suggested that the adherence between the outer hematite layer and the 
intermediate magnetite is low (Fig. 4.35 b) and Fig. 4.37 a) and Fig. 4.53 b) for example). 
in addition, according to Tuck et aL (1969) the presence of water vapour may increase 
the plasticity of the oxide scale as it was the case during the isothermal oxidation of the 
steel, where pore formation was not observed under the presence of water. 
Based on these observations, the two basic conditions required for the 
development of the buckling mechanism in the oxide layer were satisfied at both test 
temperatures, these are: 1) the existence of a fairly plastic oxide layer with low adhesion 
to the substrate and 2) the presence of compressive stresses developed during quenching. 
A c! As the number of thermal cycles increased, 
hematite continued to grow in zones 
where spallation did not occur. The preferential spallation of hematite leads to the 
preferential growth of the spinel and magnetite phases therefore, as the number of 
thermal cycles Increased; the surface steel at both test temperatures contained a 
considerable amount of spinel and magnetite, as shown by the X-ray diffraction patterns. 
The trend in Fig. 4.86 that gives the amount of oxide lost expressed as a 
percentage of the spalled area, shows that the amount of oxide spalled 
increased 
progressively with the number of cycles, a result of the preferential loss of 
hematite. The 
difference between the amounts of oxide spalled at both temperatures can be linked with 
the values of compression thermal stress that acted on the oxide 
layers and the steel 
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during each cooling stage and that was calculated according to the expression proposed 
by Walter and Schutze, (1992) as: 
-a.,, )AT (5.12) 
where a,., represents the value stress acting on components of an oxide scale, E'. ' the 
elasticity modulus of the oxide, a,., and a,,, are the Imear expansion coefficients of the 
oxide and steel respectively, AT the thermal gradient of the experiments and u, the 
Poisson ratio of the oxide. 
Using data taken from the literature (Table 12), a value of compressive stress of - 
287 NTa was obtained for hematite when the temperature was reduced from 615 to 25'C 
whereas a value -226 NTa was obtained but when the temperature was reduced from 550 
to 25T. If the same equation is used for the calculation of compressive stress that acted 
on magnetite and the spinel layer, higher values of stress acting on these layers are 
obtained that are in the order of -484 NPa and -431 NTa for cooling from 615 and 550'C 
respectively. 
Although the stress is higher for magnetite than for hematite, the columnar 
structure of magnetite and the fine grained structure of the spinel suppressed the 
deformation of these layers under compression. If during heating, the steel substrate 
expanded faster than the oxide scale, the stress becomes positive and a tensile stress is 
applied to the entire oxide layer. These stresses caused the transverse fracture observed M 
the hematite layer (Fig. 4.82 b) and the development of cracks in the spinel (Fig. 4.83 a) 
providing that the adherence of this phase to the steel substrate was good, as suggested by 
microstructural observations of the isothermal oxidation experiments. The development 
of cracks in the spinel layer is also in agreement with the second failure mechanisms 
proposed by Evans, (1995) denominated as wedging. 
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By comparison of the values of stress obtained for hematite, it is clear that a 
considerable difference between the absolute values of compressive stress present at each 
temperature exists (-62 NWa), therefore if higher compressive stresses are imposed on 
the oxide as result of the greater thermal gradient experienced when quenching from 
615T and if also the growth of the oxide layer is faster under this condition so that thick 
layers are obtained, the amount of hematite spalled is consequently higher at 615T than 
at 550T as it was suggested in Fig. 4.86. Fig. 5.4 b) shows a schematic diagram of the 
spallation mechanisms present in the steel. 
If in a high speed steel work roll used in the hot rolling of steel strip, the 
spallation of hematite occurs at every cooling cycle, this oxide is not present on the 
surface leaving just an oxide layer covering the surface that is comprised of magnetite 
and spineIM304- In addition to this, if cracks are generated in the remaining layer, the 
presence of oxygen below the oxide layer in direction to the substrate zones is stimulated 
and so the formation of oxidation zones below the surface of steel. 
5.6 Influence of the oxide growth on the evolution of the rolling contact 
experiments 
in all the rolling-sliding tests, the formation of a red-black oxide layer on the 
surface of the disc was a common observation. The aspect of this layer was similar to that 
observed in the samples tested in the isothermal oxidation experiments. The formation of 
this oxide layer is in agreement with previous observations regarding the wear 
mechanisms of work rolls reviewed in Chapter 2, which suggested that these are strongly 
related to the formation of a black oxide layer on the surface of the work rolls (Kato et al. 
(1992), Erickson et al. (1993), Choi and Kim (1999) and Li et al. (2002)). The 
differences in the amount of oxide produced during the test as well as the influence of 
these layers on the values of tribological variables of interest observed during the tests are 
discussed in the following sections. 
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The worn surfaces all contained oxides (see Figs 4.95 and 4.96). In addition, the 
wear debris was almost entirely oxide for the water lubricated tests and a mixture of 
oxide and metal for the dry tests (Fig. 4.126 and Fig. 4.127 respectively). Therefore, 
oxidational wear was an important mechanism for all tests. Much is known about 
oxidational wear from numerous studies over many years, many of which focus on 
ferrous materials. It is clear that oxides play a major role in determining the wear rate of 
these materials, shown for example, by the classical work of Welsh, (1965), and Quinn 
and co-workers, (see a comprehensive review in Quinn, (1983)). Thus, the friction and 
wear behaviour observed in the current study will be related to the role of the oxide 
formation and detachment, as well as the classic ploughing wear mechanism that was also 
evident. 
In agreement with the investigations of Nield and Griffin (1961) and Lancaster 
(1962) who noted that the wear behaviour of metals is a strong function of the local 
environment, the wear rate of the high speed steel discs was higher for the test in dry 
conditions than in those that included water and water vapour. This difference was 
strongly linked to the amount and composition of the oxide layer that grew in each 
condition. The morphology of the worn surface under water lubricated conditions was 
different to that under dry conditions. For the dry tests, the oxide was clearly 
mechanically mixed into the surface. In contrast, for the water lubricated tests the oxide 
tended to stand proud of the surface, as oxide islands, which were chromium rich islands 
of the spmeIM304. Thus, there appears to have been an important difference in the 
contacting asperities, which appeared to be oxide for the water lubricated tests and a 
mechanically mixed mixture of oxide and metal for the dry tests. Thus, the water and 
water vapour appeared to accelerate the oxidation rate (equation 5.3), as was observed for 
the static oxidation tests (Fig. 4.4 and 4.5), leading to the formation a thick oxide scale on 
the surface of the test disc (Fig. 4.128). 
According to Hirst and Lancaster (1953), Bowden (1953), SulliVan and Athwal 
(1983) and Stott (1998) the growth of oxide layers on the surface of metals subject to 
sliding reduces the wear rate considerably. This was certainly the case for the tests at 500 
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and 600'C under the presence of water, where it was observed that relatively thick scales 
grew driven by the high temperature of the environment and the presence of water, 
completely covering the contacting asperities of the test disc, ensuring that virtually no 
contact was from the metal substrate (Fig. 4.95 b to 0, promoting the low values of wear 
observed at these temperatures. 
Quinn (1971) and Stott (1998) pointed out that in the oxidative wear of metals 
subject to sliding; the wear rate is mainly determined by the rate of removal of the oxides 
formed. The X-ray diffraction analysis of the wear debris collected at 500 and 600'C 
revealed that the wear debris was almost entirely oxide. The main component was 
hematite, but traces of magnetite were also present, but no positive identification of 
metallic iron. Thus, from this and the observations of the surface state of the discs (Fig 
4.95 b to f), it can be stated that the main wear mechanism at 500 and 600'C an under 
this condition is oxidational, consistent with the definitions by Quinn (1971) and Stott 
(1998). The oxide layer was presumably removed in the classical manner, namely 
detachment when it reached a critical thickness. Fragmentation and agglomeration of the 
oxide wear debris was apparent in the lower areas of the worn surface (i. e. the areas that 
were not in contact). 
The dominant presence of hematite in the wear debris suggested its preferential 
removal leaving the surface of the test disc protected by a layer of compacted and 
agglomerated wear debris which was predominantly the spinelM304. According to the 
investigations of Bisson et aL (1957), Earles and Hayler (1972), Sullivan and Athwal 
(1983) and, Stott (1998), films of spinel magnetite Fe304provide more protection against 
wear than any other iron oxide formed on steel surfaces subject to sliding, leading to the 
development of low wear rates because these films prevent successfully direct metal to 
metal contacts. This certainly was the case at 500 and 600'C where it was observed that 
iron and chromium rich oxide pads (Fig 4.97 a) and Fig. 4.103 a)) protected the surface of 
the test disc and prevented the establishment of such contacts. 
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The wear rate at 400'C under the presence of water and water vapour was 
marginally higher than at 500 and 600'C under the same environmental condition. The 
extent of oxidational wear was less at this temperature, as shown by both plan view and 
cross section analyses of the test disc (Fig. 4.107 and 4.108). The possibility of forming a 
protective oxide layer at this temperature was therefore reduced. This allowed the 
establishment of metal-metal contacts that resulted in the plastic deformation of the 
surface by the ploughing exerted by the hard asperities of the counter disc. Ploughing 
would certainly have been helped by the softening of the disc at this temperature. The 
considerable content of iron found during the X-ray diffiTaction analysis of the wear 
debris collected at this temperature (Fig. 4.126 c) suggests that this mechanism is correct. 
In contrast to the tests that included water, the dry tests yielded considerably 
higher wear rates, which were also a strong function of temperature. In this condition the 
wear of the test disc appeared to be associated with two mechanisms: oxidation and 
plastic deformation (i. e. ploughing). Both mechanisms are strongly linked to the 
temperature of the test and their combination has been observed before for work roll 
materials subject to sliding conditions (Rainforth et aL (2002)). 
The level of oxidation of the surface increased with the temperature of the test, as 
shown by the surface state of the disc (Fig-4.96). However, at any temperature, the 
micrographs of the surface still revealed zones of the metallic substrate that confirmed 
that oxide production in this condition was not as pronounced as in the tests that included 
water. Thus, the increase in wear rate with temperature would simply have been a result 
of the decrease in surface hardness with temperature, suggesting that the metallic wear 
was dominant over the oxidational wear. 
The oxide layer formed on the substrate of the test discs had a composition similar 
to that of hematite Fe203 as shown by X-ray diffraction analysis of the collected wear 
debris. No other iron oxides were present. The preferential development of this layer 
during the test is in agreement with the results obtained from the isothermal oxidation 
experiments at least at 600 and 500'C that revealed a considerable amount of this phase 
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(Fig. 4.31 and 4.34). The growth of this layer clearly did not offer much benefit in 
reducing wear rate, and not as effective as magnetite Fe304 or better reported as the 
spineIM304. Bisson et aL (1957) noted that water and water vapour promoted lower wear 
rates as a result of magnetite formation. In addition, in this condition only few thin pads 
of oxide were formed on the surface as the temperature of the test was increased 
(Fig. 4.96) but these were easily removed by mechanical damage offering no protection to 
the surface against both oxidation and plastic deformation. Further evidence that the 
oxide did not provide adequate protection is shown by the way in which oxide was 
mechanically mixed into the metallic regions of the surface. This also demonstrates the 
considerable plastic deformation that occurred at the surface, which would have become 
more pronounced as the temperature increased. 
The increment in the wear rate with the temperature of the tests is also consistent 
with the increase in relative intensity of the iron peaks revealed in the X-ray diffraction 
patterns of the wear debris (Fig. 4.127). This fact suggests the amount of metal present in 
the debris increased progressively with the temperature given that the removal of metal 
fragments was facilitated by the softening of the surface and therefore proves that the 
mechanism of plastic deformation of the substrate is the dominant mechanism and 
controls the amount of wear experienced by test disc in this testing condition. 
The wear behaviour as a function of temperature was quite different under wet 
compared to dry conditions. For wet tests, the wear rate was largely insensitive to 
temperature, while for dry tests, the wear rate was strongly dependant on temperature. At 
first sight this is difficult to explain. However, as has been discussed already, under wet 
conditions, the wear mechanism was predominantly one of oxidational wear. The oxide 
structure did not change dramatically between the temperatures. The absence of a strong 
effect of temperature on wear rate suggests that the basic properties of the oxide 
(i. e. 
hardness and fracture strength) did not change enough to influence the wear rate 
between 
the temperatures of 400 and 6000C. In contrast, the wear rate in the dry tests appears to 
have been controlled by metallic wear and not oxidational wear. The strong influence of 
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temperature on substrate hardness would therefore explain the increase in wear rate with 
increase in temperature. 
The behaviour of the friction coefficient was complex and difficult explain. The 
friction coefficient was higher for the water lubricated tests compared to the dry tests, 
(Fig. 4.93 b), which is the reverse of what would be intuitively expected. Both wet and 
dry tests exhibited an approximately linear increase with temperature, which is not 
surprising. However, the marked change in friction with temperature for the wet test is 
completely different behaviour to the wear rate, which was largely insensitive to 
temperature. Moreover, it is possible that the water had not entirely evaporated before 
entering into the contact region, which would also be expected to reduce the friction. 
Before trying to explain this behaviour, the expected behaviour from the literature 
is discussed. According to investigations of Earles and Hayler (1972), Bisson et aL 
(1957), Lancaster (1962), Stott and Wood (1978), and, Stott (1998) the formation of 
oxides on the surface of metals subject to sliding, particularly steels, would generally be 
expected to reduce the value of the friction coefficient. This can be for several reasons: 
the oxide is harder than the substrate, it may act as a solid lubricant, and the interfacial 
shear strength between an oxide and metal (or another oxide) is lower than between a 
metal and metal as the adhesive forces are lower. 
According to Bowden and Tabor (1964) the friction coefficient is defined as the 
ratio between the friction force and the normal load applied to the tribosystems as: 
F (5.13) 
where g is the friction coefficient, F the friction force and P the normal 
load. The friction 
force consists of two components related to the contacts 
formed or junctions. A 
component of adhesion associated to the attraction 
forces established between the 
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junctions formed and a component of defort-nation that involves the ploughing exerted by 
of the hard asperities of one body against the soft asperities of another body so that 
equation 5.13 can be better represented as: 
+F 
ýt = adhesion 
p 
ploughing (5.14) 
Thus, for the wet case, where the oxide coverage was greater, the value of Fadhesion 
should have been lower than for the dry tests. For example, So (1995) reported that for 
metallic surfaces sliding against oxides, the friction coefficient has low values because 
the adhesion component of the coefficient is low. It is certainly difficult to envisage a 
scenario where it is larger. This suggests that it is Fpj, "ghjg that is higher for the wet case 
compared to the dry case. However, this is again the reverse of what would have been 
expected as it was the dry case that was dominated by metallic ploughing, while the wet 
tests were dominated by oxide contact. Of course, in all this argument it is assumed that 
the counterface did not change appreciably between wet and dry conditions. However, 
being a similar material, the counterface would have undergone the same changes as the 
test disc. 
The friction coefficient increased linearly with the temperature presumably 
because the ploughing component of the ffiction coefficient increased as more oxide was 
found on the surface as in the case of the experiments conduced under the presence of 
water but with a lower value fixed by the brittle nature of hematite Fe203, the oxide layer 
found on the surface. 
The surface roughness of the steel discs in wet conditions increased from the 
initial low value to relatively high values and remained practically constant for the rest of 
the test. However, the surface roughness was generally lower compared to those obtained 
in dry conditions (Fig. 4.92). This behaviour is possibly associated with the formation of 
the abundant flat chromium rich oxide islands of the spinelM304of compacted debris 
that gave the surface a smooth character even though ploughed zones were also a 
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common finding on the surface. In contrast, the roughness values measured from the 
surface of the test discs in dry conditions were higher than those measured in the wet 
experiments (Table 13 and Fig. 4.92). This can be logical considering the strong 
topographical changes induced to the surface of the disc as result of the removal of non 
oxidized steel fragments by mechanisms that involved the ploughing of the soft steel 
matrix and that was not protected by a thick oxide layer. The change in surface roughness 
in this condition is consistent with the amount of steel fragments removed from the 
surface of the discs that increased as the temperature of the test was increased. 
A feature that can be also associated to the relatively low values of friction 
measured in dry conditions deals with the penetration of oxide particles into the metallic 
matrix. If these hard particles of hematite were pushed into the matrix as was commonly 
observed at the end of the test (Fig. 4.96 d and f) this formed small oxide pads that 
possibly acted as low shear strength layers thereby limiting the friction values. 
One of the failings of equation 5.14 is believed to be that it does not take mto 
account changes in asperity sizes, i. e. the junction size, that occur as a result of the 
frictional contact. The equation that describes the growth of a Junction in the theory of 
friction presented in Hutchings (1992) is expressed as: 
w2+ 4F 2=A2A2 (5.15) 
where W is the normal load, F the friction force, A is the true area of contact and po is the 
yield stress in compression. Given that the normal load and the yield stress represent 
constant properties, the only term responsible to increase the value of the friction 
force F 
in equation 5.15 is by means of increasing the true area of contact of the 
interface formed 
by the discs. While the roughness of the wet tests was lower than the dry, this does not 
necessarily mean that the junction size was also smaller. It is proposed that 
in the 
experiments developed under the presence of water the production and 
incorporation of 
considerable amounts of debris at the contact zone formed 
by the discs increased the 
number ofjunctions formed and consequently the magnitude of the true area of contact 
of 
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the interface action reflected as an increment in the value of the friction force required to 
break the junctions formed. This effect is analogous to the investigation conducted by So 
(1995) where he pointed out that the incorporation of fragments of wear debris to the 
contact zone formed during the sliding of steel tend to increase the value of the friction 
coefficient. The friction coefficient is therefore higher in wet conditions than in dry 
conditions because of the greater amounts of wear debris produced in the former case 
given that the oxidation phenomenon of the surface is increased by the presence of water 
and water vapour being the extent of wear debris production controlled by the 
temperature of each test. 
An additional factor that may account for the development of high friction values 
in the wet conditions is the presence of water ei 1 irst ither as a liquid or gaseous lubricant. Hi 
and Lancaster, (1953) identified that high temperature oxidized stainless steel lubricated 
by stearic acid developed a high friction coefficient in sliding conditions of about 0.56 
value higher than the one measured for non oxidized metal lubricated in the same liquid. 
In a different investigation, Bisson et al. (1957) found that in the presence of a lubricant 
film of cetane, the friction coefficient of steel sliding against steel had values as high as 1. 
The mechanisms that explain these high values of friction are not well established *in 
these works but they maybe are related to increment to the value of shear strength of the 
interface as result of the existence of an extra layer of different physical properties (high 
viscosity for example). In the current work the presence of water either as a liquid or as a 
gas may represent another physical barrier that needed to be sheared additionally to the 
oxide layer that exists on the surface and that definitely accounted to increase the value of 
the shear strength of the interface. Undoubtedly this feature requires a more detailed 
investigation. 
One last experimental observation that is difficult to explain, but would have had 
an effect on the friction and wear rate is the frictional heating. No direct measure of the 
frictional heating was made (as this is experimentally impossible), but there is an indirect 
measure. Fig. 4.130 shows the hardness lost by the test material as a result of heating 
during the test. For both wet and dry conditions there is a near linear increase with test 
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temperature, which is not surprising. However, what is very odd is that the wet tests lost 
more hardness than the dry tests, despite having cold water dropped onto the specimen 
throughout the test. This can only mean that the substrate in the wet tests was hotter than 
in the dry tests. This implies that the thermal conductivity at the contacting asperities was 
lower for the wet tests than the dry tests. This is consistent with the microstructural 
observations that the wet test contacts were oxide, while the dry were a mixture of oxide 
and metal. Moreover, the oxides were different between the two conditions, with spinel 
being present for the wet tests, but not for the dry. SpineIM304 exhibits a low thermal 
conductivity (kaverage:: 50-035 W/m-'C between 400 and 250C, Molgard and Smeltzer 
(1971)) that avoided a proper dissipation of the heat flux either to the atmosphere or to 
the counter disc, increasing the degree of softening of the surface. 
The greater heat generation at the interface in the wet tests compared to the dry 
would have decreased the surface hardness more for the wet tests. This would have 
resulted in a higher value of Fpl. ghi,, g (equation 5.14), thus explaining why 
higher friction 
was found for the wet tests. It is interesting, however, that the higher substrate 
temperature did not result in greater wear rates. 
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Conclusions and further work 
6.1 Conclusions 
1) A water vapour-air mixture accelerates the oxidation process of the work roll 
grade high speed steel, when compared to dry air only. This is because of the 
establishment of additional oxidation reactions on the steel, giving another source 
of oxygen ions to generate the oxide scale. 
2) The oxidation rate depends on the amount of water vapour present in the oxidant 
atmosphere regardless the oxidation temperature. Logarithmic relations were 
observed for the maximum water vapour content, and for dry air although with 
considerable differences in the mass gain. Perfect parabolic kinetics were 
observed when the water saturation of the mixture was reduced to 70 %. 
3) The rapid growth of the oxide layer during the early oxidation stages in the 
condition with maximum water vapour (condition 1), was associated with the low 
value of apparent activation energy required to initiate the oxidation process 
under this condition. The activation energy value increased as the amount of 
water vapour in the atmosphere was reduced. 
4) The logarithmic oxidation rate found in condition I was associated with a 
reduction in the oxidation rate on the surface of the steel as a consequence of a 
rapid growth of a dense and compact layer of hematite platelets, with fine grained 
spinel oxide in the early oxidation stages. These structures reduced the diffusion 
of metallic and non metallic ions across the oxide layer. 
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5) The parabolic behaviour which was characteristic of condition 2 (0.45 CM3/Min 
water vapour) suggests that the oxidation phenomenon occurred progressively so 
that a continuous supply of oxygen ions were available during the whole process. 
Nligration of oxygen was assisted by regions where the carbides were not covered 
by lateral growth of the oxide layer, acting as easy paths for oxygen to reach the 
non oxidized steel. 
6) The logarithmic behaviour observed in dry conditions resulted from the absence 
of the additional oxidation reactions that were promoted by the water vapour. 
7) A black-red oxide layer was formed on the high speed steel in wet conditions, 
consistent With the published literature. The composition of the oxide included a 
chromium rich spMel of the formM304 (M=Fe, Cr), an intermediate layer of 
magnetite Fe304, and an outer Fe203hematite layer. 
8) VO oxide was observed on the surface of the steel during exposure to dry 
conditions, but not in wet conditions. The formation of this oxide was favoured by 
the high partial pressure of oxygen in the environment that promotes the oxidation 
of MC vanadium rich carbides and the vanadium dissolved within the steel 
matrix. In environments of lower oxygen pressure, oxidation of MC carbides is 
not observed and the vanadium oxide layer is not formed. 
9) The low partial pressure of oxygen present in environments containing water 
vapour favours the growth of the whole oxide layer by the individual 
contributions of the spinel, magnetite and hematite layers, which being n-type 
semiconductors promote the ionic and electrical conductivity across the oxide 
layer under these conditions. The increment in the partial pressure of oxygen In 
dry air reduced the ionic and electrical conductivity in the spinel and hematite 
layers and therefore the growth of the oxide layer. The electrical and ionic 
conductivity in the ampotheric conductor vanadium oxide VO is favoured under 
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these conditions, but the vanadium content in the steel is not enough to produced 
notable increments to the oxidation rate of high speed steel. 
10) The number of then-nal cycles imposed on the steel samples during the high 
frequency cycling oxidation experiments was not enough to promote significant 
mass gain. The thin oxide layer formed in this condition can be associated with 
the early stages of formation of the chromium rich spineIM304. 
1) During the cyclic oxidational. tests, severe plastic deformation and micro cracks 
were induced by the thermal shock on the sample as it was quenched in water. 
Plastic deformation was most prominent around the larger carbides and the 
associated stress concentration resulted in crack initiation and propagation. The 
microcracks effectively act as paths that promote the flow of oxygen in the steel. 
12) During the low frequency cyclic oxidation tests, the spallation of hematite was 
favoured by: 1) The plasticity of the oxide scale associated with the presence of 
water vapour and 2) The compressiVe thermal stresses existent during quenching 
promoting the buckling failure mechanism, as well documented in the literature. 
The spallatiOn of hematite increased with the number of thermal cycles, and the 
surface of the steel was only protected by magnetite and spinel, phases whose 
growth is favoured by the absence of hematite. 
13) Cracks were observed in the spinel layer, but spallation of this phase was not 
observed, attributed to the strong adherence of this layer to the steel substrate, 
despite the compressive stresses that act on this layer are higher than those 
experienced by the hematite layer. 
14) The rate of oxide spallation and therefore the amount of oxide removed 
from the 
surface of the steel is greater at 615'C than at 550'C, because of the greater 
compressive stresses associated with the greater temperature difference. 
113 
Chapter 6 Conclusions andfurther work 
15) The wear mechanisms during the rolling-sliding tests involved oxidational wear 
under all conditions of temperature and the environment. However, under wet 
conditions, wear was predominantly oxidational, while under dry conditions, wear 
was a combination of oxidational and metallic (ploughing wear). 
16) The wear rate was lower for all water lubricated tests compared to dry tests. The 
wear rate for the wet conditions was independent of temperature, while for dry 
conditions the temperature had a strong effect on wear rate. This suggests that for 
the wet conditions the mechanical properties of the oxide at the contacting 
asperities did not change appreciably with temperature. In contrast, for the dry 
tests the reduction in the hardness of the steel with temperature would have 
resulted in increased metallic wear and therefore a significant temperature 
dependence of wear rate. 
17) The friction coefficient observed was higher for the water lubricated tests 
compared to the dry tests, an unexpected result. In both cases the friction 
coefficient increased almost linearly with temperature. There was no evidence 
that the water acted as a lubricant. 
18) The contacting asperities on the test disc for water lubricated conditions were 
entirely oxide, while for the dry tests there was a mixture of oxide and metallic 
contact. The oxides observed were different between the two conditions, with 
spinel being present for the wet tests, but not for the dry. 
19) Surprisingly, the steel lost more hardness with temperature in the wet test than for 
the dry tests. This indicates increased frictional heating for the water lubricated 
tests, which explains the higher friction coefficient. It is 
believed that the 
increased frictional heating was associated with the presence of spMeIM304 in 
the water lubricated tests which exhibits a 
low thermal conductivity 
(kaveragezO-03 5 W/m-'C between 400 and 25'C). 
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20) The experimental facility used during the rollMg-sliding experiments allowed the 
effective recreation of the oxidation and cracking processes of the steel developed 
during commercial practice. 
6.2 Further work 
1) The oxidation kinetics of the high speed steel should be studied at other 
temperatures as long as the temperature selected lies in the interval of those 
experienced by the work rolls in hot strip mills, in order to obtain more accurate 
values of apparent activation energies and oxidation rate constants with modelling 
purposes of interfacial phenomena found in the stands. Particularly at 650'C the 
effect of this temperature on the mass change of the high speed steel is interesting 
because this point is near to the temperature value where vanadium oxides are 
volatile. 
2) The differences in the cooling practices of work rolls M hot strip mills could lead 
to differences in the rate of growth of the oxide layer and because of these, the 
effect of different amounts of water vapour in the oxidation rate of the high speed 
steel is also a matter of interest and should be studied. 
3) It is also proposed that the oxidation behaviour and characteristics of alloyed 
white cast ions as another work roll materials should be studied, in order to map 
the differences with respect to the high speed steel and to see if their incorporation 
to the stands of the hot strip mill is feasible. 
4) The problem in attaining a sufficient number of thermal cycles on the surface of 
the high speed steel could be addressed by the use of an induction coil rather than 
an induction furnace. A preliminary trial was conducted resulting in a heating 
time of 30 seconds to reach 600'C using the sample morphology proposed in this 
investigation. 
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5) As in the case of the isothermal tests, the comparison between the oxidation rate 
of high speed steel and alloyed white cast irons under cyclic oxidation conditions 
is also suggested. 
6) The effect of different loads, speeds and slippage ratios on the behaviour of the 
oxide layer should be measured as only one condition was investigated in the 
current study. The study of the effect of these characteristic on the growth of the 
oxide layer is suggested in order to simulate the variations found along the 
different stands in hot strip mills. 
7) The topographical changes of the test disc surface can be represented in three 
dimensions using the data obtained from the roughness measurements introducing 
them to mathematical algorithms available in tile literature that can give an 
approximation of the actual state of the surface. This mathematical representation 
of the surface could be introduced to a finite element simulation code in order to 
study in a more direct way the interaction of the asperities of the surface when M 
contact with a second body for example the oxides found on the surface of the 
strip. 
8) At the moment it is only possible to simulate the contribution of the back up roll 
to the change in the surface characteristics and wear of the high speed steel disc, 
but the direct integration of the third component present in hot strip mills, the 
strip, is mandatory. In order to have a more complete physical model and to study 
the effect to the oxides grown on the strip on the wear characteristics of work 
rolls, it is possible to modify the Cameron-Plint machine and adapt a third disc to 
it by means of a gear box. This disc can represent the steel stock if it is heated up 
to a desired temperature by changing the induction coil that is actually fitted to the 
machine by one that allows reaching temperatures up to 900'C. Unfortunately it 
will no be possible to apply a deformation load to the disc because deformation 
will lead to detachment of material from the surface resulting this In a 
dangerous 
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operation; but even tough a defortnation load will not be present, oxide will be 
generated on the surface of the disc and this feature could produce interesting 
results in a more complete way, closer to the real process. 
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Table 1. Working conditions imposed to the iron samples shown in Fig. 2.8 oxidized 
in Caplan and Cohen (1966). 
SanWle Surface Condition 
Oxidation 
Temperature 
rQ 
1 Electropolished-annealed-electropolished 500 
4 Electropolished. and diamond abraded 500 
11 Electropolished-annealed-electropolished 400 
12 Electropolished. and diamond abraded 400 
13 Electropolished-annealed-electropolished 450 
14 Electropolished and diamond abraded 450 
15 Electropolished-annealed-electropolished 550 
16 Electropolished and diamond abraded 550 
17 ElectropoliShed-annealed-electropolished 580 
18 Electropolished. and diamond abraded 580 
19 Electropolished-armealecl-electropolishecI 600 
20 Electropolished and diamond abraded 600 
21 Electropolished-annealed-electropolished 650 
22 Electropolished and diamond abraded 650 
*Annealed was carried out at 900'C and diamond abrasion was done with 8, um diamond. 
Table 2. Chemical composition of the high speed steel studied by Molinari et al. 
(2001) 
Alloying elenwnts in %wt 
c Si Mn VI WI Cr Mo Ni e 
0.8-2.0 0.6-0.1 0.5-0.9 0.5-5.5 1 0.0-4.0 1 3.8-12.0 1 
Table 3. Chemical composition of the Hi-Cr work roll studied by Gonzalez et al 
(2001) 
Alto in elements in %wt 
c Si Mn v w 
1 Cr Mo Ni Fe 
2.77 0.6 O. QIA - 16.08 1.1 1.31 
1 Bal 
124 
Tables 
Table 4. Chemical composition of the high speed steels studied by Kim et ah 2003. 
Alloying elenwnts in %wt 
Steel c w MO Cr v si Mn 
A 2.04 6.48 4.13 5.58 4.28 0.21 0.91 
B 1.96 2.90 1.05 5.55 5.05- 0.75 0.90 
c 1.98 1.90 2.90 9.40 3.60 0.80 0.40 
Table 5. Chemical composition of the high speed steels studied by Monterio and 
Rizzo (2003). 
Alloying elements in %wt 
Steel c w MO cr v Si Mn 
Al 1.90 2.00 2.00 3.50 5.10 
A2 1.80 2.00 2.00 7.50 4.80 
A3 1.80 [3-90 2-30 4.40 4.80 
Table 6. Chemical composition of the white iron studied by Ziadi et A (2005) 
Alloying elements in %wt 
C Si Mn VI W Cr Mo Ni Fe 
1.5-1.9 0.6 0.5-0.7 4.0-5.0 1 1.5-2.5 7.5-8.5 1.1 0.7-0.9 Bal 
Table 7. Chemical composition of the high speed steel used for the experiments. 
After Mercado (2001). 
Alloying elements in %wt 
Steel c w MO Cr v Si Nb Ni 
HSS 1.55 0.49 2.08 7.70 1 4.90 0.66 0.54 0.52 
Table 8. Experimental conditions studied in the isothermal oxidation tests 
Test 
condition 
Vapour 
Temperature 
PH20 
(alm) 
P02 
(atm) 
n02 
(MOO 
nH20 
(moo 
6151C 5500C 6151C 5500C 
I 950C 0.83 0.06 6.34x 
10-4 6.83xlO-' 8.76xlO-j 9.46xlO-3 
2 850C 0.57 0.11 1.16xlO-3 
- 
1.25xl 0-3 6.02xlO-3 6.49xlO-3 
3 251C* 0.32 0.21 2. fl xlO-3 7xl 0-3 338xlO-3 3.64xlO-3 
*This property is just mentioned as a mere reference assuming that some water was present 
in the 
compressed dry air 
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Table 9. Rate constant and behaviours obtained for each oxidation condition. 
Temp 
Apparent 
activation 
Characteristic Rate 
energy Q 
law constant k 
Condition I 
2') 32KJ/mol Logarithmic Linear kL = 0.3940 
Mg 
-2 kI = 1.31 
Mg 
. 2 CM -S CM -S 
600'C Condition 2 70 08KJhiiol Parabolic k=6.16xIO -2 
Mg 
P . 2 1/2 CM -S 
Condition 3 
13) 0.7 7 KJ/n-io 1 Logarithmic kL = 1.83 
Mg 
2 
CM -S 
Condition I 
. ). 32KJhnol 
Logarithmic kL = 1.32 
Mg 
2 
CM -S 
500'C Condition 2 70.08KJ/mol Parabolic k=2.82xIO 
-2 Mg 
P2 1/2 
CM -S 
Condition 3 Logarithmic kL = 0.4432 
Mg 
130.77KJ/n-iol 2 
CM -S 
Table 10. Chemical composition of the high speed steel and its components obtained 
by EDX analysis. 
Alloying elements in %wt 
c Fe Cr v Mo si 
Steel matrix 1.50 85.46 6.83 2.85 1.72 1.08 
mc 15.32 4.44 6.94 63.03 8.90 1.37 
M7C3 9.44 32.43 35.99 12.73 9.03 0.38 
I%C 7.50 35.32 8.52 11.41 33.31 3.94 
Table 11. Free energy change values calculated for the oxidation reactions proposed. 
Reacifion proposed AG615'CKJ/mol AG55o-c KJ/Mol 
3 Fe+ 2 02 -> Fe30 4 -813.33 -835.90 
4 Fe+ 3 02 -> 2Fe2O 3 -1163.34 -1199.18 
3 Fe+ 4 H20 -> Fe304+4H2 -3.93 -14.40 
VC+02->VO+Co -446.102 -445.704 
VC+ 2 H20 --> VO+ CO+ 2 H2 -41.38 -73.87 
4VC+702 ->2V205+4CO -270.63 -273.78 r2 -VC+ 7 H20 -> V205 +2 CO+ 7 H2 +64.33 +68.73 
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Table 12. Properties of the oxides considered for the calculation of the thermal 
stresses. 
Material Elasticity modulus E (GPA) 
Expansion coefficient 
a(IPQ 
Poisson ratio 
v 
Fe203 219(l) 13xlO"6 0. 
Fe304 208") 12xI 0-6 0.29(') 
Steel(615'C) 225 (2) 14.8xl 0""ý2) 0.30 
Steel(550'C) 225(2) 14. OxI 0-6(2) 0.30 
(')SchiAze. M., "Mechanical properties of oxide scales". Oxidation of metals Vol. 44, 
Nol-2,1995. 
(2ýMercado-Solis. F, "Simulation of thermal fatigue of work rolls". PhD thesis, The 
University of Sheffield, 2002. 
Table 13. Evolution of the roughness values measured from the surface of the test 
discs. 
Test Conditions 
Water + Water vapour test Dry tests 
4000C 5000C 6000C 4000C 5000C 6000C 
Sliding 
distance 
(M) 
Ra 
(JLM) 
Sliding 
distance 
(M) 
Ra 
(pm) 
Sliding 
distance 
(M) 
Ra 
Otm) 
Sliding 
distance 
(M) 
Ra 
(ILM) 
Sliding 
distance 
(M) 
Ra 
(ILM) 
Sliding 
distance 
(M) 
Ra 
qLm) 
0 0.32 0 0.30 0 0.18 0 0.34 0 0.67 0 0.57 
22210 0.94 22315 1.8 22145 2.41 22195 1.62 22230 3.07 22200 4.33 
44545 1.40 44730 2.83 44315 2.64 44345 2.96 44375 3.05 44400 4.05 
66895 1 1.05 67105 2.2 66490 3.001 66660 1.82 66525 3.01 66600 3.58 
89195 1.18 89720 1 2.0 88665 2.32 88995 1 1.63 88675 3.6 88805 3.18 
111600 1.35 112360 1 2.36 110890 2.56 111140 1 1.76. 110910 3.17 111015 3.36 
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0-- Ni ++ 0-- Ni" 0-- 
Ni ++ 0-- Ni ++ 0-- Ni ++ 
0-- Ni3+ 0-- 0-- 
Ni++ 0-- Ni` 0-- Ni++ 
Fig. 2.1. Oxide lattice of nickel oxide showing p-type cation deficit defects. The 
neutral character of the compound is preserved by the existence of nickel ions with 
a higher valence state that compensate the negative character of the created cation 
vacancy. 
Zn` 0-- Zn` 0-- Zn++ 
0-- e-- Zn++ +, 0-- 
Zn 
Zn++ 0-- 
Zn` 0-- e Zn` 0-- Zn` 
10-- Zn` 0-- Zn++ 0-- 
Fig. 2.2. Oxide lattice of zinc oxide showing n-type cation excess defect. Excess 
zinc ions are located at interstitial sites so that the neutrality of the compound is 
balanced by the existence of electrons product of ionization reactions. 
Oxide Scale of 
Thickn ss X Kn Ic 
Metal Cation Vacancies n Va Cat 0 Oxygen 
mo 02 
Anions Flux 02 
Ionization reaction 
Electrons Flux ne- Ionization reaction 
Mo __p. 
M"+ ne- 1/202 , 2e-__ýO,. 0-' Cation Flux 
Metal-Scale Interface Gas-Scale Interface 
Fig. 2.3. High temperature reactions established between a metal and the atmosphere 
in which it is contained. Schematic representation of ionic diff-usion for oxide scale 
formation. 
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Oxide Scale of 
Metal-Oxide Interface Thickness X Gas-Oxide Interface 
Anions Flux 02- 
Metal Oxygen 
mo Electrons Flux ne- 02 
am= P02=1 
'4 
qxide 
jI ýJ 
G,, 
xide 
=expý aM exp , P 02 1 RT Cation Flux 
I 
(P 02 )112 2RT 
-2+ M=M +2e- Nf++2e-+1/202=MC 
and and 
M+ 02 = MO+ 2e- 1/202+2C = CY2 
Fig. 2.4. Equilibrium conditions established at the interfaces forined in an oxide layer. 
The activities of both metal and gas are calculated at each interface and their variation 
across the scale is also presented. Modified from Birks andMeier (1986). 
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Fig. 2.5. a) Plot representative of the linear oxidation rate, b) plot representative of the 
parabolic oxidation behaviour and in c) logarithmic oxidation rate. 
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Fig. 2.6. High temperature section of the Fe-O phase diagram. After Khanna (2002). 
2Fe 3+ + 6e- + 1/ 202 = Fe203 
1/202+2 e- = 02- 
F, o = Fe 
2++2e- 
Fe 2+ +2e- +Fe 
1 
304 =4FeO 2Fe 
3++30 2- 
= Fe 203 
Fen+ + ne- + 4Fe2O3 =3 Fe304 
Fig. 2.7. Oxidation of iron above 570"C. Modified from Khanna (2002). 
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Fig. 2.8. Oxidation kinetics plots of pure iron in dry air for different temperatures and 
preparation procedures. Abrading the samples prior oxidation resulted in greater oxidation 
for temperatures up to 600'C. After Caplan and Cohen (1966). 
Fig. 2.9. TvEcrostructural differences found in an oxide layer groA on abraded and 
annealed pure iron at 580'C. After Caplan and Cohen (1965). 
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Fig. 2.10. a) Mass gained as a function of the chromium content and condition. b) 
and c) show a comparison of the oxidation kinetics obtained in water vapour for 
alloys with two different chromium contents. After Caplan (1966). 
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Fig. 2.1 1. a) Oxidation kinetics of rods (x) and sheets (o) of pure iron in oxygen and 
oxygen with water vapour. b) Comparison of the oxidation of iron under various 
atmospheres. After Tuck et aL (1969). 
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Fig. 2.12. a) Oxidation kinetics of pure iron in dry air exposed to three different 
partial pressures of oxygen at 625'C. b) Oxidation kinetics at 500'C. After 
Jansson and Vannerberg (1971). 
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1248t 
Fig. 2.13. a) Oxidation kinetics of iron and alloyed iron at 700'C in mixtures of 
moist and dry air. After Baud et aL (1975). 
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Fig. 2.14. Oxidation of pure iron samples in moist a) and dry b) mixtures. The 
morphology of the oxides is also different depending on the oxidation atmosphere, 
c) moist atmosphere and d) dry atmosphere. After Taguchi and Suzuki (2006). 
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Fig. 2.15. a) Oxidation kinetics of the Fe- 3% wt Cr alloy in dry air 
of the oxide layer taken from examination of samples in stage 2. 
Welsh (1986). 
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Fig. 2.16. a) Oxidation kinetics of the alloy A-B 650'C, C-H 600'C. b) EDX line analysis 
of the elements present in the oxide layer at 600'C and c) Scanning electron micrograph of 
showing the constituents of the oxide layer obtained after 22 hours at 600'C. After Simms 
andLittle (1988). 
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growth of the oxide layer with time 
on the X2OCrMoV 12 1 
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Fig. 2.17. a) Comparison of tile oxidation kinetics of the alloys in air and water 
containing mixtures observed for isothermal and cyclic oxidation experiments. b) 
schematic representation of the oxide layer developed in the mixture and c) oxide 
layer grown in air and air plus sulphur dioxide. After Walter et al. (1993). 
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Fig. 2.18. a) Oxidation kinetics plots of the steel obtained for dry and moist atmospheres. 
b) Oxide scale formed on the steel at 650'C under conditions containing water vapour . After Ehlers et aL (2006). 
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Fig. 2.19. Temperature variations in the first stand of a hot strip mill as function of the 
lubricants used. After Devadas and Samarasekera (1986). 
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Fig. 2.20. Measured temperatures on the surface of the roll as function of time a) and 
angular position b). After Huan et aL (1995). 
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Fig. 2.21. a) Thermal gradient experienced by a work roll located in the first finishing 
stand of a hot strip mill. b) Thermal behaviour of a work roll calculated using a 
specific mathematical model. After Guerrero et aL (1999). 
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Fig. 2.22. Calculation of the thermal cycles experienced on the surface of a High 
chromium iron work roll. After Perez et al. (2004). 
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Fig. 2.23. Thermal cycles imposed on the roll surface per roll revolution. After Sikdar 
and John (2006). 
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Fig. 224. Quantification of the oxidation phenomenon obtained at three temperatures 
for two steels containing different amounts of chromium (%A>O/oB). Note the 
differences in the mass gained as a function of the testing temperature. AfierMolinall et 
aL (2000). 
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Fig. 2.25. Oxidation kinetics plots obtained for different high speed steels. a) Parabolic 
oxidation rate obtained for a high speed steel with 5 %wt Cr. b) Transition from the 
parabolic to a logarithmic oxidation rate observed for a high speed steel with 12 %wt Cr. 
c) Oxidation rate of high speed steel as a function of the ratio Cr/Fe of the matrix. After 
Molinari et aL (200 1). 
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Fig. 2.26. a) Variations In the isothermal oxidation behaviour of the Hi-Cr rolls with the 
oxidation temperature. b) ModellMg and comparison between isothermal growth and 
growth under the action of thermal cycles at 500'C. After Gonzalez et al. (200 1). 
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Fig. 2.27. Oxidation kinetics of different compositions of high speed steels. a) Steels 
oxidized in dry oxygen. b) Steels oxidized in argon + water vapour. Modifiedftom Kim et 
al. (2003). 
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Fig. 2.28. Comparison of the oxidation behaviour of different high speed steels samples in 
dry and moist atmospheres. a) 3.5 %wt Cr, b) 7.5 % wt Cr and c) 4.44 %wt 
Cr. Modified 
ftom Monteiro and Rizzo (2003). 
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Fig. 219. Oxidation behaviour of white cast irons as a function of the temperature and 
different tempering heat treatments. After Ziadi et aL (2005). 
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Fig. 230. Variation of the friction factor as a function of the scale thickness obtained from 
ring compression tests of oxidized steel specimens in controlled atmosphere. The value of 
the friction factor decreases as the thickness of the oxide scale increases. Data taken from 
Luong and Heijkoop, (198 1). 
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Fig. 2.31. Growth of an oxide fihn depending on the source of oxygen. After Batchelor et 
al. (1986). 
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Fig. 2.32. Behaviour of friction coefficient a), and quantification of the wear rate b) as a 
function of the testing temperature of steel samples. After Tu et aL (1998). 
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Fig. 233. Friction coefficient variation with the test temperature and oxide scale 
produced for the rolling of low carbon steel. After Munther and Lenard (1999). 
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Fig. 2.34. Experimental methodology used by Kato et al. to assess the wear of Hi 
Cr work rolls. After Kato et aL (1992). 
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Fig. 235. Variables affecting the wear of work rolls in hot steel mills. After 
Spuzic et aL (1999). 
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Fig. 2.36. X-ray diffraction pattern of the oxide layer grown on the surface of high 
chromium iron work rolls. After Colas et aL (1999). 
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Fig. 237. Cross section of a Hi-Cr steel after the rolling of steel. Propagation of cracks is 
observed as well as internal oxidation. Modifiedftom Colas et aL (1999). 
Fig. 238. Failure mechanisms found in a conventionally cast high speed steel work rolls at 
600T a) Fracture of carbides due to Hertzian stresses. b) Preferential oxidation and 
deformation of the martensitic matrix. After Hanlon and Rainforth (2003). 
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Fig. 2.39. Comparison of the oxide layer formed in different work roll materials a) 
Indefinite chilled iron. b) High speed steel. c) High chromium iron Hi-Cr. After Pellizzari 
et aL (2005). 
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Fig. 2.40. Vanation of the friction coefficient as a function of the testing temperature 
observed for High speed steels and High chromium irons. After Milan et al. 2005. 
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Fig. 2.41. Variation of the friction coefficient obtained in pin on disk test of high 
chromium Hi-Cr iron. After Vergne et aL (2006). 
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Vergne etaL (2006). 
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Fig. 3.1. Rig developed to conduct the isothermal oxidation tests under 
controlled atmosphere. a) Schematic representation and b) real installation. 
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Fig. 3.2. Temperature measurements inside the oxidation reactor. Determination of the 
hot zone. 
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Fig. 3.3. a) Schematic representation of the device built to develop the high 
frequency cyclic oxidation testing. b) The real rig. 
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Fig. 3A. a) High frequency thermal cycling measurements. b) Determination of the maximum 
holding time of the sample inside the furnace during the thermal cycling. Comparison of the 
calculated temperature value against the measured temperature value of on the surface of the 
sample before quenching. 
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Fig. 3.5. Low frequency thermal cycling of a high speed steel sample. 
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Fig. 3.6. Schematic representation of the Cameron-Pllnt machine, the device used for 
the rolling-sliding tests. Afier Bedolla, 2001. b) Engineering drawing. After Hanlon 
and Rainforth, 2003. 
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Fig. 3.7. Real configuration of the rolling-sliding tests. 
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Fig. 3.8. Notched specimen for the creation of fracture surfaces of the oxide layer. 
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Fig. 4.1. Optical micrograph showing the microstructural components of the 
high speed steel revealed after the oxidation etching. 
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Fig. 4.2. Backscattered electron SEM image showing the microstructure of 
the high speed steel. MC carbides (black), W3 carbides (light grey) and 
M, 6C carbides (white). 
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Fig. 43. EDX analysis of the zones shown in Fig 4.2. a) MC vanadium rich carbide, b) 
M7C3 chromium and iron rich carbide, c) M6C, Molybdenum rich carbIde and d) 
Elements present in the matrix. 
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Fig. 4.4. Isothermal oxidation kinetic curves obtained for tests at 615'C. 
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Fig. 4.6. Graphical representation of the mathematical verification of the veracity of the 
oxidation kinetics plots obtained at 615'C. a) and b) Ver, ficatIon for the test under 
condition 1. c) Verification for the test developed under condition 2. d) The tests under 
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160 
140 
0 120 E 
100 
0) 
80 
(D 
c 
.2 60 CU 
40 
Condition 1 
Condition 2 
Condition 3 
"I-* 
Condition 1 
A Condition 2 
0 Condition 3 
20 
0iIIIIIIIi 
0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 
Oxygen partial pressure (atm) 
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Fig. 4.10. Secondary electron SEM images showing the stages of initial oxide formation. 
a) Structure found during the early oxidation stages. b) Formation of oxide crystals. c) 
Growth of whiskers and platelets. 
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Fig. 4.11. Secondary electron SEM images showring the surface of the steel oxidized 
at 
6150C under condition 1. a) After 10 minutes. b) After 
3 hours. 
Chapter 4 Results 
Fig. 4.12. Secondary electron SEM images showMg the surface of the steel oxidized at 
6150C under condition 2. a) After 10 minutes. b) After 3 hours. 
-. 
Fig. 4.13. Secondary electron SEM images showing the surface of the steel oxidized 
at 6151C under condition 3. a) After 10 minutes. b) After 3 hours. 
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Fig. 4.14. Secondary electron SEM images showing the surface of the steel oxidized 
at 5501C under condition 1. a) After 10 minutes. b) After 4 hours. 
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Fig. 4.15. Secondary electron SEM images showing the surface of the steel oxidized at 
5501C under condition 2. a) After 15 minutes. b) After 4 hours. 
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Fig. 4.16. Secondary electron SEM images showing the surface of the steel oxidized at 
550 IC under condition 3. a) After 15 minutes b) After 4 hours. 
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Fig. 4.17. a) Secondary electron SEM image showing the condition of the carbides in a 
sample oxidized under condition 2 at 6150C. 1) EDX pattern of aM7C3 carbide. 2) EDX 
pattern of a MC carbide. 
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Fig. 4.19. a) Secondary electron SEM image showing the state of aM7C3 carbide 
found when the steel was oxidized under condition 3 at 6151C. b) EDX energy 
pattern of the central zone of the image. 
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Fig. 4.18. a) Secondary electron SEM image showing the MC carbide oxidized as 
result of the exposure to condition 3 at 6151C. b) EDX energy pattem of the zone. 
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Fig. 4.20. a) Secondary electron SEM image showing the carbides in a 
sample oxidized in condition I at 5501C. EDX patterns obtained for MC (1) 
and M7C3 (2) carbides. 
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Fig. 4.21. a) Secondary electron SEM images showing the M7C3 carbides in a 
sample oxidized under condition 2 at 5501C. The EDX pattern obtained from the 
carbide is shown in b). 
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Fig. 4.22. a) Secondary electron SEM image showing MC carbides in a 
sample oxidized under condition 2 at 5501C. The EDX pattern is shown in b). 
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Fig. 413. Secondary electron SEM image showing the carbides in a sample 
or MC (1) and oxidized under condition 3 at 5501C. The EDX patterns f 
M7C3 (2) carbides are shown. 
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Fig. 4.24. Secondary electron SEM image showing the morphological changes found for 
the oxides grown under conditions in which water vapour was present in the oxidant 
atmosphere. Formation of hematite platelets, the transformation direction is indicated 
by the arrow. 
a 
Fig. 4.25. Secondary electron SEM image showing the morphology of the oxide layer 
grown on the matrix of the steel in the test containing water vapour as part the oxidant 
mixture for both temperatures. Fe203 platelets formed after 2 hours oxidation. 
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Fig. 4.26. Secondary electron SEM image showing the morphology of the oxide 
layer grown on the matrix of the steel in tests containing water vapour. 
Transformation of Fe203 from platelets into leaves after 3 hours oxidation. 
Fig. 4.27. Secondary electron SEM image showing the formation of very fine oxide 
needles and oxide platelets characteristic morphology of the oxidation processes under 
condition 3 at both temperatures. 
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Fig. 4.28. a) Secondary electrons SEM image showing Fe-V oxide whiskers. Similar 
structures like the one shown in this image were found in the samples oxidized under 
condition 3 at both temperatures. b) EDX point analysis taken at the centre of the 
oxide structure shown in b). 
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Fig. 419. X-ray diffraction patterns of the samples oxidized under condition I at 
615'C. a) Phases obtained after 15 minutes. b) After 3 hours. 
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Fig. 430. X-ray diffraction patterns of the samples oxidized at 615'C under condition 
2. a) Phases obtained after 15 minutes b) After 2 hours. 
174 
Chapter 4 Results 
After 15 minutes After 3 hours 
615*C- condition 3 615"C-condition 3 
zouuu 
20000 
0 0-15000 
0 10000 
c 
5000 
0 
20 30 40 50 60 70 80 20 30 40 50 60 70 80 
20 20 
Fig. 4.31. X-ray diffraction patterns of the samples oxidized at 615'C under condition 3. a) 
After 15 minutes. b) After 3 hours oxidation. 
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Fig. 4.32. X-ray diffraction patterns of the samples oxidized at 5501C under condition I- a) 
After 15 minutes. b) After 6 hours oxidation. 
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Fig. 4.33. X-ray diffraction patterns of the samples oxidized at 5500C under condition 2. 
a) After 15 minutes. b) After 4 hours oxidation. 
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Fig. 4.34. X-ray diffraction patterns of the samples oxidized at 5500C under condition I 
a) After 10 minutes. b) After 4 hours oxidation. 
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Fig-435. Secondary electron SEM micrographs of a cross section of the oxide layer 
obtained at 6150C under condition 1. a) After 15 minutes. b) After 2 hours oxidation. 
Stages of internal oxidation are appreciated in b). 
a) 
Fig. 4.36. Energy dispersive x-ray dot mapping of the elements present in the oxide scale 
formed at 615'C under condition 1. a) After 15 minutes. b) After 2 hours. 
177 
F- AccV SpotMagn Dot WD rxfp) PýMmmmmmmmmmmmý 101im 
1 1) 0 kV 30 . 3h 00x Sl (i 11 
Chapter 4 Results 
4,,. 
""" 
4. 
2 lim AccV SpotMagn Det WD 
own 
Acc. V Spot Magn Dot WD FXP 2 
Exp 5 Jim 
lb, OkV3.0 10000x SE 5.8 1 
lb-OkV30 bOOOx SE 6.1 1 
Fig. 437. Scanning electron micrograph of a cross section of the oxide layer obtained 
at 6150C under condition 2. a) After 15 minutes. b) After 2 hours. 
Fig. 438. Energy dispersive x-ray dot mapping of the elements present in the oxide scale 
formed at 6150C under condition 2 after 2 hours. 
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Fig. 4.39. Cross section of the oxide layer obtained at 615'C under condition 3. a) After 
15 minutes. b) After 2 hours. 
Fig. 4.40. Energy dispersive x-ray dot mapping of the elements present in the oxide scale 
formed at 615'C under condition 3 after 2 hours. 
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Fig. 4.41. Oxide scale fortned at 550 OC under condition 1. a) After I hour. b) After 4 
hours. 
Fig. 4.42. Energy dispersive x-ray dot mapping of the elements present in the oxide scale 
formed at 5500C under condition I after 4 hours. 
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Fig. 4.43. Oxide scale forined at 550 IC under condition 2. a) After 15 mMutes. b) After 4 
hours. 
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Fig. 4.44. Energy dispersive x-ray dot mapping of the elements present in the oxide 
scale formed at 550'C under condition 2. a) After 15 minutes. b) After 4 hours. 
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Fig. 4.45. Oxide scale produced at 550'C under condition 3 after 4 hours 
oxidation. 
Fig. 4.46. EDX dot maps of the elements present in the oxide scale shown in 
Fig. 4.45. 
182 
Chapter 4 Results 
Fig. 4.47. Fracture surfaces showing the microstructure of the samples oxidized at 6151C in wet 
conditions. a) After 4 hours under condition 1. b) After I hour under condition 2. 
2gm 
Fig. 4.48. Energy dispersive x-ray dot maps of the images shown in Fig. 4.47. a) After 4 hours 
under condition 1. b) After I hour under condition 2. 
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Fig. 4.49. a) Fracture surface of the oXide layer grown at 6151C under condition 3 
after 4 hours. 
Fig. 4.50. Energy dispersive x-ray dot maps taken from the picture in Fig. 4.49. Note 
the high vanadium concentration in the outermost part of the oxide scale. 
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Fig. 4.51. Fracture surfaces of the oxide layer obtained at 550'C under condition La) After 15 
minutes b) After 4 hours. 
Fig. 4.52. Energy dispersive x-ray dot maps of the sample of Fig . 
4.51 b) 
after 4 hours. 
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Fig. 4.53. Fracture surfaces of the oxide layer obtained at 5501C under condition 2. a) After 
4 hours oxidation. b) Greater detail of the microstructure shown in a). 
Fig. 4.54. Energy dispersiVe x-ray dot maps of the microstructure 
shown in Fig. 4.53 a). 
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Fig. 4.55. Fracture surfaces of the oxide layer obtained at 5500C under condition 
3 after 4 hours oxidation. 
Fig. 4.56. Energy dispersive x-ray dot maps of the fracture surface shown in 
Fig. 4.55. Note the high vanadium concentration in the outermost 
layer. 
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Fig. 4.57. Element distribution across the oxide scale after 4 hours of exposure to the 
different atmospheres at 6151C. a) Condition 1. b) Condition 2. c) Condition 3. d) 
Distribution of iron across the scale. 
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Fig. 4.58. Element distribution across the oxide scale after an oxidation time of 4 hours at 
550'C. a) Condition 1. b) Condition 2 c) Condition 3. d) Distribution of iron across the 
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Fig. 4.59. Cyclic oxidation kinetic plot obtained after 300 thermal cycles at a 
maximum temperature of 6150C. 
Fig. 4.60. a) Surface morphology of the sample after the action of 120 thermal cycles. 
b) Fine oxide granules. 
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Fig. 4.61. Energy dispersiVe x-ray dot maps of the oxide layer formed after 
120 thermal cycles. Note the high manganese concentration. 
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Fig. 4.62. a) Oxide formation near to the zone that first entered into contact with the 
cooling water after the passage of 240 cycles b) Oxide formed after 300 thermal cycles. 
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Fig. 4.63. a) Formation of a very fine grained oxide layer and spallation of a carbide 
after 240 thermal cycles. b) Magnification to the fine oxide granules. 
do 
Fig. 4.64 Energy dispersive x-ray dot maps taken from Fig. 4.62. a) showing the 
elements present in the formation of the oxide layer after 240 cycles. 
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Fig. 4.65. EDX dot map of the elements present in the oxide layer shown in 
Fig. 4.63. a) 
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Fig. 4.66. XRD diffraction pattern taken from the sample exposed to 300 thermal 
cycles. Oxides were not detected during the scan, only microstructural 
components were identified. 
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Dipping side 
I 
Fig. 4.67. Severe plastic deformation zone found near to the zone that 
first entered into contact with the cooling water (dipping side) in the 
sample exposed to the action of 240 thermal cycles. Crack formation is 
evident. 
Fig. 4.68. Zone containing a high degree of the plastic deformation and 
spallation of the steel in a sample exposed to the action of 300 thermal 
cycles. 
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Ov 
Fig. 4.69. Cross sections of the steel showing propagation of micro cracks near carbides. a) 
After 240 cycles. b) After 3 00 cycles. 
Fig. 4.70. Energy dispersive x-ray dot maps taken from Fig. 4.69. a). A small concentration of 
oxygen is observed as well as the propagation path of this element, as indicated by the 
arrows. 
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Fig. 4.71. Characteristic failure zones found after cross sectioning the steel 
samples exposed to 300 thermal cycles a) Propagation of cracks b) Spalled 
section found in a sample. 
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Fig. 4.72. Macro and micro hardness evolution of the samples as a function of 
the number of thermal cycles. 
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Fig. 4.73. Oxidation behaviour obtained for the test developed at 615'C 
in dry air + water vapour at 85'C. 
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Fig. 4.74. Oxidation behaviour obtained for the test developed at 550'C 
in dry air + water vapour at 85'C. 
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Fig. 4.75. a) Mass change variation at 6151C, from this plot the spallation trend is calculated 
and plotted in b). 
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from this plot the spallation trend Is calculated Fig. 4.76. a) Mass change variation at 550'C, 
and plotted in b), as in the case of the test developed at 6150C. 
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Fig. 4.77. XRD patterns taken for two different oxidation stages at 6151C a) After 2 thermal 
cycles. b) After 40 thermal cycles. 
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Fig. 4.78. XRD patterns taken for two different oxidation stages at 550'C a) After 
2 thermal 
cycles. b) After 40 thermal cycles. 
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120. OkV3.0 IbUx SE 6.2 1 
Fig. 4.79. a) Surface state of the sample after the action of 2 then-nal cycles. Buckled zones and 
spalled zone were found. b) Spallation of two oxide layers. 
Fig. 4.80. a) Interface formed inside of a double spalled zone, at the top left the initial stages of 
1 -ystals. b) EDX oxide formation are shown and bottom right advanced formation of oxide ci 
maps of Fig. 4.79. b). 
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Fig. 4.81. Comparison between two oxidation stages of the samples oxidized at 6151C a) After 2 
cycles. b) After 40 cycles. Note the differences in the phase content per stage. 
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Fig. 4.82. Failure mechanisms experienced by the Fe203 layer. a) Bucklmig of the layer Iis 
identified as the first stage followed by the sectioning or wedging of the oxide layer (b). Images 
taken after 40 thermal cycles. 
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Fig. 4.83. a) Micro crack fonnation observed for the internal oxide layer M304. b) 
Magnification to the oxide layer shown in a). c) and d) EDX point analysis of the zones shown 
in b). 
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Fig. 4.84. Similar failure mechanisms observed for the samples tested at 550'C a) After 
2 thermal cycles b) After 40 thermal cycles. 
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Fig. 4.85. a) Failure mechanisms experienced by the oxide scale formed at 550'C. b) 
Spallation of carbides. Images taken after 2 and 40 thermal cycles respectively. 
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Fig. 4.86. Percentage of spalled area as a function of the number of thermal cycles. 
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Fig. 4.87. Appearance 
500'C c) 400'C. 
0.00 
-0.50 
-1.00 
-1.50 
(0 
2.00 
-2.50 
-3.00 
-3.50 
of the disc after the dry tests at a) 6000C b) 
CL 
- -0- 400*C 
500*C 
600*C 
400*Cdry 
500*C dry 
600*Cdry 
0 20000 40000 60000 80000 100000 120000 
Sliding distance (m) 
Fig. 4.88. Comparison of the mass lost during all the test conditions. 
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Fig. 4.89. Specific wear rate obtained from the sliding tests developed under the 
presence of water. 
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Fig. 4.90. Specific wear rate obtained from the sliding tests developed under the 
presence dry ambient air. 
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Fig. 4.91. Comparison of the specific wear rates for all the testing 
conditions. The effect of water vapour on the values of this variable is 
clearly evident. 
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Fig. 4.92. Roughness evolution of the roll discs measured for each testing 
condition. 
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Fig. 4.93. a) Friction coefficient variation along the sliding distance for all the test 
conditions. b) Variation of the friction coefficient as a function of the temperature. 
Fig. 4.94. Spallation zone formed near the edge of the wear track of 
the disc samples tested at 6000C in water. Spallation of the oxide 
scale was also observed during these conditions. 
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Fig. 4.95. Surface state of the test samples after the sliding tests with water. The images 
on the left column a), b) and c) are secondary electrons images of the surface 
topography of the discs tested at 400,500 and 600'C respectively. The column on the 
right are the backscattered electrons images of the same surfaces. The rolling direction 
points to the bottom of the page. 
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Fig. 4.96. Surface state of the test samples after the sliding tests developed in dry 
conditions. The pictures on the left column a), b) and c) are secondary electrons images 
of the surface topography of the discs tested at 400,500 and 600'C respectively. The 
column on the right are the backscattered electrons images of the same surfaces. The 
rolling direction points to the bottom of the page. 
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Fig. 4.97. Secondary electron SEM images showing the characteristic zones 
found in the disc tested at 600'C under the presence of water. a) Surface 
topography. b) Zone I in picture a) showing Fe203 platelets. c) Zone 2 in 
picture a), showing fracture and crack propagation in the spmel layer. d) and 
e) EDX point analysis of zones I and 2 respectiVely. 
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Fig. 4.98. a) Oxide formation observed in a M7C3 carbide found in the sample tested at 600 IC 
in water. 1) EDX area analysis of the oxidized zone. 
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Fig. 4.99. a) Oxide formation in a MC carbide found in the sample tested at 600'C in water. 2) 
EDX analysis of the oxidized zone. Note the peaks relative to manganese content. 
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Fig. 4.100. a) Secondary electrons image of a cross section of the test disc at 600'C under 
water. Subsurface oxidation is evident. b) Backscattered electron image of a). 
. ', ... 
Fig. 4.101. EDX maps taken from picture a) in Fig. 4.100. a) the oxidation zones are revealed 
and defined clearly. 
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Fig. 4.102. EDX point analyses of specific regions in the secondary electrons 
image shown in a). b) Elements present in zone 1, c) zone 2, d) zone 3, e) zone 
4. 
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Fig. 4.103. a) Characteristic zones found in the test disc after the test at 500 'C 'in 
water. b) Zone I in a) showing the growth of Fe203 platelets as well as wear debris 
particles within the wear track. c) Zone 2 in a) showing fracture and crack propagation 
observed in the spmel layer. d) and e) EDX area analysis of zones I and 2 shown in a) 
respectively. 
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Fig. 4.104. a) Secondary electrons image of a cross section of the test 
disc at 5001C with 
water. b) Backscattered electrons image of a different zone 
'in the sample showing 
subsurface oxidation of the steel. 
Fig. 4.105. EDX dot maps of the picture a) In Fig. 4.104. The oxide 
layer is clearly defined as 
well as the layer formed under the surface. 
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Fig. 4.106. EDX point analyses of the specific regions marked in the secondary 
electrons image shown in a). b) Elements present in zone 1, c) zone 2, d) zone 3, 
e) zone 4. 
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Fig. 4.107. a) Characteristic zones found on the surface of disc tested at 400'C in 
water. b) Zone I in a) showing zones deformed plastically. c) Zone 2 in a) showing an 
aggregate of wear debris M the form of fine round particles. d) and e) EDX area 
analysis of zones I and 2 shown in a) respectively. 
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Fig. 4.108. Cross section of the oxide layer formed on the surface of the test discs at 400'C 
in water. It can be identified that the oxide layer is comprised by an aggregate of ox, 
particles. 
Fig. 4.109. EDX dot maps of Fig. 4.108.. 
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Fig. 4.110. EDX area analysis of the zones shown in a). b) The oxide layer and c) the 
steel, no internal oxidation zones were found under this condition. 
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Fig. 4.111. Characteristic zones found on the surface of the test disc at 6000C in dry 
air b) Oxide cluster. c) Formation of hematite Fe203 platelets and the presence of 
wear debris. d) and e) EDX area analysis of b) and c) respectively. 
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Fig. 4.112. a) Cross section of the oxide layer formed in the tests at 6001C in dry air. 
Formation of surface and subsurface layers with abundant cracks was a characteristic 
phenomenon of this experiment. b) Backscattered electron image of a different zone 
found in the same sample. 
Fig. 4.113. EDX analysis of the oxide layer of Fig. 112 a) 
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Fig. 4.114. EDX area analysis of the characteristics zones found in the sample b) Zone 1, 
the oXide layer. c) Zone 2, the steel substrate. 
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Fig. 4.115. a) Separation of metal due to subsurface crack formation and oxidation within 
the crack. b) Severe fracture of a section of the disc. 
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Fig. 4.116. Characteristic zones found on the surface of the disc tested at 500'C in 
dry air. b) Big oxide cluster and abraded zone with exposed steel. c) Wear debris. 
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Fig. 4.117. EDX area and dot element mapping of the zones marked in a). b) and 
c) Peaks corresponding to the oxide cluster. d) High vanadium concentration 
detected, related to the oxidation of a MC carbide and e) the exposed steel 
substrate. 
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Fig. 4.118. a) and b) Cross sections of the oxide scale formed on the surface of the disc 
tested at 5001C III dry air. The oxide layer looks like an arrangement of mechanically 
mixed and compacted oxide particles in a). Subsurface formation of oxide is evident. 
WNW -4 
Fig. 4.119. EDX dot maps of the elements present in oxide scale shown in picture b) of 
Fig. 4.118. The presence of chromium in the oxide layer suggests that this layer is formed 
predominantly by spineIM304. Non oxidized and fractured steel is also evident in the iron 
map. 
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Fig. 4.120. EDX area analyses of the points marked in a). b) Zone 1, the oxide layer, c) 
Zone 2 the steel substrate and d) the subsurface oxide formation. 
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Fig. 4.121. a) and b) Characteristic zones found on the surface of the disc tested at 4001C in 
dry air, where severe plastic deformation is evident. MC carbides were oxidized during the 
test as suggested in figures d) and f) and h) and J) for zones the found in figures a) and b) 
respectively. 
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Fig. 4.122. EDX area analysis of the zones found in picture a). b) Zone I in image a), 
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bft--IoFý 
Fig. 4.123. a) Cross section of the oxide clusters formed on the surface of the discs tested 
at 4001C. The oxide layer is an agglomerate of fine oxide particles. b) Oxide layer and 
steel almost detached from the surface, the fracture of a MC carbide is also evident. 
Fig. 4.124. EDX maps of the elements present in the oxide layer of Fig. 4.123 b). 
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Fig. 4.125. a) Fracture of MC vanadium rich carbide. b) Crack propagation through 
the steel. 
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Fig. 4.126 XRD diffraction patterns of the wear debris generated during the sliding tests 
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SanWlesjor the isothermal oxidation tests 
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SwWlesfor the high and lowfrequency cyclic oxidation tests 
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Sample for cyclic oxidation experiments 
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Test disc engineering drawing 
E--i 
0 
94 
CD 
*j a (D 0 0 1.1 
F-4 01.4 
1 
4-l' . 
; L4 
C) 
0 
-4 crz 
C*-l 
QD 
F-4 
CD 
C 
e- ý 
242 
Appendix 2 
Appendix 2 
Example of test disc roughness measured after the tests 
Tests carried out at 6001C under thepresence of water and water vapour 
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Tests carried out at 5001C under thepresence of water and water vapour 
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Tests carried out at 4001C under thepresence of water and water vapour 
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Example of test disc roughness measured after the tests 
Tests carried out at 6001C in dry air 
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Test carried out in dry air at 500'C 
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Tests carried out at 400'C in dry air 
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Calculation of the initial contaetpressure of the disc on disc configuration used during 
the rolling-sliding tests. 
Considering that when the discs are brought into contact the point of contact is deformed 
so that the contact is described having an elliptical shape of major axis with radius a and 
minor axis with radius b as: 
-------------- 
tb 
The values of radius a and b are obtained by 
ik: ý 
E 
ýP 
7rE * 
and 
7ck E 
rE Pf:: R: ' (3.2) 
irkE 
Where E* is the effective elastic modulus of the contact calculated from the elastic 
modulus E, and E2of the discs and R' the equivalent radius of the contact given by the 
equations: 
1=1 (3.3) 
2 EI E2 
and 
I=I+1 (3.4) 
R' Rý, R 
where R,, and Ry are the radius of curvature of the bodies given by: 
I=I+I 
Rx R, R2 x (3.5) 
1=I+I 
Ry Rly R2y 
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The constant E is called the ellipse integral and the constant k is obtained from tables or 
empirical relations like: 
E=1.0003 + 
0.5968R 
(3.6) 
Ry 
and 
0,6360 
1.0339 
Rý, 
(3.7) 
Rý, 
The value of the contact pressures is given by: 
-- 
3P 
(3.8) Po : 2=b 
Lewis. R, "Tribology of machine elements, lecture notes". The University of Sheffield, 
Department of Mechanical Engineering, 2005. 
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